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INTRODUCTION 


Although  much  progress  has  been  made  in  elucidating  the  underlying  molecular  mechanisms  responsible 
for  prostate  cancer  in  recent  years,  effective  treatments  for  this  disease  have  not  progressed  at  the  same  pace. 
New  therapeutic  approaches  are  badly  needed. 

In  last  decade,  it  has  been  found  that  some  hyaluronan  (HA,  a  major  component  of  extracellular  metrix) 
binding  proteins,  such  as  soluble  CD44  and  proteins  from  scapular  chondrocytes  or  cartilage  have  anti-tumor  or 
anti-angiogenesis  effect  (1-4).  In  addition,  some  angiogenic  inhibitors,  such  as  endostatin,  have  HA  binding 
domain  demonstrated  by  its  crystal  structure  (5-7).  Furthermore,  the  shake  cartilage  powder  or  its  extracts  have 
been  on  the  shelf  of  health  food  market  in  USA  (FDA  IND#  43  033,  approved  on  Fab  7,  1994),  Europe  and  Asia 
for  a  decade.  This  substance  has  been  widely  used  by  patients  with  different  tumors,  in  believing  that  avasscular 
cartilage  might  contain  some  natural  anti -angiogenesis  substance.  Indeed,  this  substance  has  exhibit  anti-cancer 
effect  in  some  patients,  which  might  be  associated  with  that  some  components  of  shark  cartilage  escape 
digestion,  and  enter  tumor  sites  via  the  blood  circulation.  Although  the  therapeutic  value  of  shake  cartilage  for 
cancer  is  still  controversial,  Alternative  Medicine  Center  in  National  Institute  of  Health  has  made  decision  to 
test  the  efficacy  of  this  substance  (8-21).  The  cartilage  contains  an  abundance  of  HA  binding  proteins  (HABP, 
22-25).  Whether  the  anti-tumor/angiogenesis  effect  of  shark  cartilage  achieved  in  a  proportion  of  cancer 
patients  is  due  to  the  partially  digested  fragments  of  HABP  passing  through  impaired  mucous  of  gastrointestinal 
(GI)  track  remains  to  be  investigated. 

The  goal  of  this  study  is  to  determine  the  anti-tumor  effect  of  hyaluronan  (HA)  binding  proteins/peptides 
(HABPs)  and  to  explore  their  underlying  anti-tumor  mechanisms. 

In  this  grant  support  period,  we  demonstrated  that:  1)  HABPs  could  be  obtained  via  different 
approaches,  such  as  affinity  purification,  genetic  expression  and  chemical  synthesis;  2)  HABPs  from  different 
sources  could  exert  anti-cancer  effect  without  obvious  side-effect,  indicating  that  anti-tumor  effect  is  a  universal 
property  of  members  in  HABPs  family;  3)  HABPs  could  inhibit  the  tumor  angiogenesis;  4)  some  HABPs  could 
bind  to  Bcl-2,  promote  the  release  of  cytochrome  c  and  trigger  apoptosis  of  tumor  cells;  5)  some  HABPs  could 
activate  the  classic  complement  pathway  to  kill  tumor  cells. 

The  results  reveal  that  HABPs,  a  set  of  naturally  existing  biological  agents  is  likely  to  be  a  new  category 
of  anti-tumor  agent  via  triggering  intrinsic  death  pathways. 

We  believe  that  study  of  functional  domain  of  HABPs  may  lead  to  discover  new  anti-tumor  agent  that 
can  be  synthesized  in  a  large  quantity  and  safe  for  use  in  prostate  cancer  treatment. 
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BODY 


Our  study  approaches  were  in  the  following  sequential:  1)  to  obtain  HABPs  from  different  sources  in  the 
forms  of  either  intact  molecules  or  truncated  fraction  to  pin  down  the  functional  domain  of  HABPs;  2)  to 
determine  their  anti-tumor  effect;  and  3)  to  explore  their  putative  action  mechanisms. 

A.  To  obtain  HABPs  from  different  sources  using  different  approaches 

1.  Purification  of  a  large  quantity  of  intact  HABP  from  cartilage  cartilage: 

The  cartilage  is  a  tissue  that  enriches  in  HA  and  HA  binding  proteins  (HABP,  22-25).  First,  we  wanted 
to  see  if  we  could  purify  cartilage  intact  HABP  using  our  HA  affinity  column,  since  we  speculated  that  the 
HABP  might  be  the  responsible  molecule  for  the  anti-tumor/angiogenesis  effect  that  had  be  achieved  in  some 
cancer  patients  (8-21).  The  fresh  cartilage  was  purchased  from  cow  farm  and  sliced  into  small  pieces.  The 
purification  procedure  was  performed  according  to  Dr.  Tengblad’s  method  (26-27)  with  some  modification 
outlined  as  following.  The  result  showed  that  the  cartilage  HABP  that  can  be  purified  in  a  large  quantity  using 
our  HA  affinity  column.  During  the  purification  process,  every  effort  was  made  to  avoid  the  bacterial 
contamination.  At  the  end,  the  endotoxin  in  each  preparation  was  tested  and  the  results  was  less  then  5EU/ml, 
indicating  that  the  purified  cartilage  HABP  could  be  used  for  both  in  vitro  and  in  vivo  studies. 

It  is  known  that  in  the  HABPs  purified  with  HA  affinity  column  have  at  least  two  major  proteins  with 
high  affinity  to  HA:  link  protein  and  aggrecan.  Since  it  is  not  possible  to  use  human  cartilage  to  purify  these 
proteins,  we  have  to  use  genetic  expression  approach. 

2.  Construction,  expression  and  purification  of  recombinant  human  aggrecan  and  link  protein: 

The  aggrecan  is  one  of  the  major  HABPs  in  cartilage.  The  only  way  to  obtain  human  aggrecan  is  to  use 
molecular  biology  approach.  According  to  the  published  cDNA  sequence  (GenBank  access  number  M55172 
and  X17405),  we  designed  the  two  paired  primers.  One  pair  framed  the  most  of  HA  binding  domains  in  the  N- 
terminal  of  aggrecan,  which  consisted  of  first  350  amino  acids  without  signal  peptide.  The  other  pair  framed  the 
whole  sequence  of  link  protein  (1,016  bp).  The  RT-PCR  was  performed  using  a  cDNA  library  of  a  human 
sarcoma  cell  line  derived  from  chondrocytes  as  template.  The  cDNAs  cording  for  the  portion  of  aggrecan  (993 
bp)  and  the  full-length  of  link  protein  was  inserted  into  pPICZ  yeast  expression  vector  with  a-factor  signal 
peptide  for  secretion  from  yeast  cells  and  His6  tag  for  purification.  After  the  clones  with  correct  cDNA  were 
identified  by  DNA  sequencing,  the  fermentation  was  carried  out  to  produce  truncated  human  aggrecan  protein 
(termed  briefly  as  aggrecan)  and  link  protein.  The  aggrecan  purified  from  Ni-column  was  identified  as  a  single 
diffused  band  with  apparent  molecular  weight  of  68  kDa  on  SDS-PAGE  gel,  which  may  due  to  the  dimerization 
or  glycosylation  of  the  protein.  The  link  protein  had  354  amino  acids  with  apparent  molecular  weight  of  46  kDa 
The  HA  binding  ability  of  aggrecan  and  link  protein  was  determined  by  mixing  20  pg  of  recombinant  human 
aggrecan  and  link  protein  with  3H-HA  (see  attached  paper  for  method).  The  result  showed  that  both  recombinant 
aggrecan  and  link  protein  had  a  HA  binding  activity. 

3)  Synthesis  of  different  HA  binding  peptides 

Triggered  by  the  fact  that  most  biological  agents  that  are  used  in  treatment  are  small  molecules,  peptides, 
etc.  We  decided  to  study  on  HA  binding  peptides  obtained  by  using  chemical  synthesis  approach.  The  study  of 
naturally  existing  HABPs  reveals  that  there  is  a  common  property  in  the  functional  domain  of  HABPs,  which 
they  all  contain  a  motif  of  B[X7]B  (two  basic  amino  acids  flanking  a  sequence  of  seven  amino  acids,  29).  We 
used  this  property  (B[X7]B)  to  search  naturally  existing  peptide  or  the  motifs  in  the  known  HABP  and  define  the 
sequences  for  the  chemical  synthesis.  Using  the  3H-HA  as  a  tool  to  determine  their  HA  binding  activity,  we 
obtained  several  leading  HA  binding  peptide  sequence  and  studied  them  in  detail  summarized  as  following. 

The  study  of  HA  binding  peptide  has  the  following  advantages:  1)  it  can  be  obtained  in  a  large  quantity 
without  endotoxin  contamination;  2)  it  is  much  more  stable  than  the  native  protein,  given  a  long  shelf-life  for 
clinical  application,  if  the  anti-tumor  activity  is  strong  enough  to  be  a  drug;  3)  it  can  be  chemically  modified  to 
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prevent  from  enzymatic  digestion,  which  will  yield  a  long  half  life  in  body;  and  4)  it  can  provide  a  molecular 
structure  for  the  design  of  mimic  small  molecule.  We  believe  that  this  is  a  right  direction  to  carry  out  our 
research. 

a.  P4,  a  peptide  derived  from  HA  binding  sites  of  aggrecan  and  hyaluronidase:  P4  consisted  of  46 
amino  acids  (CNGRCGGKOKJKHVVKLKVVVKLKSOLVKRKVVVRRRKKIOGRSKRi  derived  from 
(B[X7]B)  portions  of  aggrecan  and  hyaluronidase.  It  contained  three  (B[X7]B,  two  from  aggrecan  and  one  from 
hyaluronidase).  It  was  coupled  together  using  a  series  of  VVV  residues  to  provide  the  flexible  linkages.  To 
improve  the  targeting  of  the  peptide  to  tumor  and  endothelial  cells  the  N-terminus  consisted  of  CNGRG 
sequence  that  acts  as  a  ligand  for  CD13  (30).  To  impede  enzymatic  degradation,  the  N-terminals  of  the  peptides 
were  acetylated,  and  the  C-terminals  were  amidated.  The  peptide  was  synthesized  by  Genemed  (San  Francisco, 
CA)  and  dissolved  in  a  small  amount  of  dimethylformamide  and  1%  acetate  acid,  diluted  with  saline  to  a 
concentration  of  1  mg/ml,  and  sterilized  by  placing  in  a  boiling  water  bath  for  15  min.  This  peptide  had  a  high 
affinity  to  3H-HA. 

b.  Human  brain-HABP  fragment  (BH-P).  Using  biotinylated  HABP  in  immunohistochemic  staining 
of  brain,  we  found  that  abundant  of  HA  existed  in  human  brain,  suggesting  that  its  binding  protein,  brain- 
HABP,  may  also  exist  in  a  large  quantity.  Therefore,  we  cloned  human  brain  HABP  (GenBank  accession 
number  AY007241).  Triggered  by  the  fact  that  most  of  biologically  active  molecules  are  small  peptides,  we 
believe  that  the  fragment  form  brain  HABP  may  possess  functions  of  its  intact  molecule.  BH-P 
(CNGRCGGRRAVLGSPRVKWTFLSRGRGGRGVRVKVNEAYRFR)  contains  three  HA  binding  motifs 
from  the  NH2  terminus  of  the  human  brain  HABP  was  synthesized.  It  has  a  molecular  mass  of  4,736  and  an 
isoelectric  point  of  12.01.  The  control  peptide  (control-P)  consists  of  the  same  amino  acids  with  a  scrambled 
sequence.  To  impede  enzymatic  degradation,  the  NH2  terminus  of  the  synthetic  peptides  was  acetylated,  and  the 
COOH  terminus  was  amidated.  Before  use,  the  peptides  were  dissolved  in  dimethylformamide  and  1%  acetate 
acid,  diluted  with  saline  to  a  concentration  of  1  mg/ml,  and  sterilized  by  boiling  for  15  min. 

c.  Tachyplesin,  a  naturally  existing  HA  binding  peptide:  In  search  of  naturally  existing  HA  binding 
peptide,  we  synthesized  more  than  10  peptides  according  to  their  possessing  of  structure  of  (B[X7]B)  and  then 
screened  with  3H-HA.  One  of  them  possessed  a  high  binding  activity  was  tachyplesin,  an  antimicrobial  peptide 
present  in  leukocytes  of  the  horseshoe  crab  ( Tachypleus  tridentatus).  Tachyplesin  has  a  unique  structure, 
consisting  of  17  amino  acids  (KWCFRVCYRGICYRRCR)  with  a  molecular  weight  of  2,269  Dalton  and  a  pi  of 
9.93.  In  addition,  it  contains  two  disulfide  linkages,  which  causes  all  six  of  the  basic  amino  acids  (R:  arginine; 
K:  lysine)  to  be  exposed  on  its  surface.  To  better  target  on  tumor/vessel,  the  synthetic  tachyplesin  was 
conjugated  to  the  integrin  homing  domain  RGD.  The  RGD-tachyplesin  was  purified  with  HPLC  with  99% 
purity. 


B.  HABPs  from  different  sources  could  exert  anti-cancer  effect  without  obvious  side-effect 

Fig.l.  Inhibition  of  tumor  cell  growth  by  purified  HABPs 

1.  Effect  of  affinity  purified  HABPs  on  tumor  cells 

1)  In  vitro  effect  of  cartilage  HABPs  on  anchorage-dependent 
growth  of  tumor  cells. 

To  test  if  purified  cartilage  HABP  had  its  bio-activity,  we  first 
performed  the  anchorage-dependent  and  independent  growth  assay  in  tumor 
cells.  The  different  amounts  of  HABP  (5,  50  pg/ml)  were  added  to  the  media 
of  tumor  cells  cultured  in  24  well  plate,  at  different  time  points  (day  2,  4,  6 
and  8),  the  cells  were  harvested  with  10  mM  EDTA  and  the  number  was 
counted  with  Coulter  Counter.  The  result  (Fig.  1)  showed  that  the  HABP 
inhibited  the  growth  of  tumor  cells  in  a  dose  dependent  manner.  This 
inhibitory  effect  could  be  abolished  by  the  heat-inactivation,  indicating  that 
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the  natural  structure  of  this  protein  is  essential  for  its  activity  of  anti-tumor  cell  growth. 


2)  In  vivo  effect  of  cartilage  HABPs  on  the  growth  of  primary  TSU  cancer  and  other  tumors 

To  test  the  effect  of  The  tumor-CAM  system  was  used,  since  this 
was  a  quick,  easy  and  cheap  system  (28).  Furthermore,  in  our  experience, 
the  results  from  the  tumor-CAM  system  are  comparable  with  those 
obtained  from  the  mice  model  system.  Two  million  TSU  or  were  placed 
on  the  CAMs  of  10  days  old  chicken  embryo  (12  eggs/group)  and  allowed 
to  grow  for  two  day.  When  the  established  tumors  could  be  seen  by  eye, 

80  jig  (in  200  |il  saline)  of  HABP  was  iv.  injected  once  into  CAM.  Four 
days  later,  the  tumors  were  harvested,  weighted  and  photographed.  As 
shown  in  Fig.  2,  the  TSU  tumors  treated  with  HABP  were  smaller  than 
those  treated  with  vehicle  alone  or  heat-inactivated  HABP,  and  the 
difference  was  statistically  significant  (P<0.05).  The  effect  was  dose- 
dependent  and  required  a  native,  active  form  of  HABP.  However,  there 
was  no  difference  in  the  chicken  weight  (data  not  shown),  indicating  that 
the  HABP  was  not  toxic  and  did  not  interrupt  the  normal  development. 

Similar  results  were  obtained  with  aggressive  tumor  formed  by  B16  cells, 
suggesting  that  the  anti-tumor  effect  of  HABP  is  not  cell  line  specific.  Fig  2.  Effect  of  HABPs  on  TSU  tumor 


3)  In  vivo  effect  of  cartilage  HABPs  on  the  experimental  metastasis 


Since  the  cause  of  death  in  cancer  patients  is  mail 
effect  of  HABP  on  tumor  metastasis  (currently,  there  is 
not  consistent  prostate  cancer  metastasis  model 
available).  In  this  set  of  study,  we  used  B16  or  Lewis 
lung  metastasis  models,  since  they  are  well-recognized 
and  reliable  metastasis  models.  Fifty  thousand  tumor 
cells  were  i.v.  injected  via  tail  vein  into  C57BL/6 
syngenic  mice  and  allowed  to  establish  for  two  days. 
Then,  the  mice  were  treated  with  i.p.  injection  of  different 
doses  of  HABP  (as  test)  or  BSA  (as  non-specific  protein 
control)  or  HABP  pre-incubated  with  excess  HA.  As 
shown  in  Fig.  3,  the  experimental  lung  metastases  formed 
by  B16  or  Lewis  lung  cancer  cells  were  dramatically 
inhibited  by  i.v.  injection  of  HABP  every  other  day  at 
doses  of  15  to  50  jig.  Importantly,  in  a  side  by  side 
comparison  study,  HABP  seems  more  effective  than 
angiostatin,  a  well-known  angiogenic  inhibitor. 


ly  due  to  the  metastasis,  we  were  interested  to  see  the 
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Fig  3.  Inhibitory  effect  of  HABPs  on  tumor  metastasis 


2.  Anti-tumor  effect  of  aggrecan 

We  were  eager  to  see  the  effect  of  aggrecan  on  tumor  growth. 
Two  million  of  TSU  tumor  cells  were  placed  on  top  of  CAM  of  10  days 
old  chicken  embryos.  Two  days  later,  100  |ig  of  aggrecan  (expressed  in 
yeast  and  purified  with  Ni-column)  was  i.v.  injected  into  CAM  and  four 
days  later,  the  tumors  were  harvested,  pictured  and  weighted.  The 
results  showed  that  the  tumors  in  the  aggrecan  treated  group  were 
smaller  than  the  control  (Fig  4)  and  the  difference  in  the  tumor  weight 
between  two  groups  was  statistically  significant  (p<0.05).  There  was 
no  difference  in  the  chicken  weight  between  two  groups,  indicating  that 


Fig  4.  Inhibition  of  tumor  growth  by  aggrecan 
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the  aggrecan  was  not  toxic  to  the  embryo  and  did  not  impair  the  normal  development. 

3.  Anti-tumor  effect  of  link  protein 

To  test  the  biological  effect  of  a  given  protein,  the  gene  transfection  approach  is  a  quick  and  clean 
approach,  since  the  only  difference  between  the  parental  and  positive  transfectants  cells  that  receive  either  vector 
alone  or  with  cDNA  of  link  protein  is  the  expression  level  of  link  protein  at  same  genetical  background,  which 
allow  us  to  obtain  a  clear-cut  conclusion.  As  shown  in  the  Fig  5,  the  cells  expressing  high  level  of  link  protein 
had  a  small  tumor  size  (A),  slow  tumor  growth  curve  (B)  and  reduced  tumor  weight  compared  to  the  vector 
alone  control  group  (C).  These  data  suggest  that  the  level  of  link  protein  is  reversely  correlated  with  tumor 
growth  and  the  anti-tumor  effect  of  link  protein  can  be  achieved  by  genetic  modification.  Although  how  to 
deliver  the  effective  anti-tumor  gene  is  currently  unsolved  problem,  the  candidate  therapeutic  gene  should  still  be 
investigated. 

Fig  5.  Link  protein  inhibits  the  primary  tumor  growth 


4.  Anti-tumor  effect  of  P4 

a.  In  vitro  effect:  The  anti-tumor  effect  of  P4  was  demonstrated  by  its  ability  to  inhibit  the  growth  of 
tumor/endothelial  cells  in  both  anchorage-dependent  (3H-TdR  incorporation  assay,  Fig  6  A  and  B)  and 
anchorage-independent  growth  (soft  agar  assay,  Fig  6  C  and  D). 

Fig  6.  P4  inhibits  the  primary  tumor  growth  in  both  anchorage-dependent  and  anchorage-independent  conditions 


b.  In  vivo  effect:  To  investigate  the  in  vivo  effect  of  P4,  the 
amino  acid  sequence  of  P4  was  back-translated  into  cDNA  and  and 
inserted  into  pSecTag2/hygro  vector  containing  a  IgK  signal  peptide 
for  secretion.  The  success  of  transfection  was  determined  by  Western 
blotting  with  antibody  generated  against  P4  (data  not  shown).  When 
two  million  transfectants  cells  were  inoculated  on  nude  mice,  the 
tumors  formed  by  P4  transfectants  were  much  smaller  than  with  the 
mock  transfected  cells  (Fig.  7  A)  and  the  difference  was  statistically 
significant  (P<0.05,  Fig.  7  B). 
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Fig  8.  Effect  of  BH-P  on  tumor  growth  in  vitro 


5.  Anti-tumor  effect  of  BH-P 

BH-P  could  specifically  bind 
to  HA  as  shown  in  Fig  8  A.  When 
BH-P  was  added  to  the  media  of 
cultured  tumor  cells  for  18-24  hours, 
it  caused  the  cells  to  become  rounded 
and  detached,  whereas  the  control 
peptide  had  no  such  effect  (data  not 
shown).  To  quantitatively  measure 
the  extent  of  this  inhibitory  effect,  a 
[3H]-thymidine  incorporation  assay 
was  conducted.  Figure  8  B  shows  that  the  proliferation  of  tumor  cells  was  inhibited  by  BH-P  in  a  dose 
dependent  manner,  with  an  EC5o  of  about  100  pg/ml.  The  In  contrast,  the  control-P  had  no  effect  even  at  a 
concentration  of  200  pg/ml  (Fig.  8  B  first  column).  In  addition,  BH-P  also  inhibited  the  colony  formation  of 
these  tumor  cells  under  anchorage-independent  conditions  on  soft  agar  (Fig.  8  C). 


In  view  of  these  in  vitro  results,  we  then  examined  the  effects  of  BH-P  in  vivo  in  two  different  model 
systems.  Fig  9.  Effect  of  BH-P  on  tumor  growth  in  vivo 


In  the  first  model  system,  BH-P  was  directly  injected 
into  a  vein  of  chicken  embryo  CAMs  on  which  tumor 
xenografts  were  growing.  As  shown  in  Fig.  9 A,  the  sizes  of 
tumor  xenografts  in  the  BH-P  treated  group  were  much 
smaller  than  those  injected  with  control-P.  Similar  results  were 
obtained  with  MDA-435  cells  in  the  same  model  (Fig.  9 B). 
Furthermore,  the  difference  in  the  tumor  weights  between  the 
test  and  control  groups  was  statistically  significant  (Fig.  9 C 
and  D).  The  data  suggested  that  the  antitumor  effect  of  BH-P 
was  not  limited  to  one  cell  line  and  was  likely  to  be  universal. 
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We  also  transfected  cDNA  of  BH-P  into  tumor  cells  and  examined  its  effect.  Fig.  10  A  shows  that  the 
growth  curve  of  the  tumor  cells  transfected  with  BH-P  was  below  that  of  the  mock-transfected  cells.  Forty-two 
days  after  inoculation,  the  average  size  of  tumor  xenografts  in  the  BH-P  group  was  smaller  than  that  in  the 
control  group  (Fig.  10B),  and  the  difference  in  tumor  weight  between  the  two  groups  was  statistically  significant 
(Fig.  10C;  P  <  0.05). 

Fig  10.  Inhibitory  effect  of  BH-P  on  tumor  growth  of  transfectants  in  vivo 
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6.  Anti-tumor  effect  of  tachyplesin 

Because  both  tumor  and  endothelial  cells  play  an  important  role  in  determining  tumor 
progression,  we  initially  examined  the  effects  of  RGD-tachyplesin  on  the  proliferation  of  both  of  these 
cells  in  vitro.  As  shown  in  Fig.  11A,  RGD-tachyplesin  inhibited  the  growth  of  the  cultured  cells  in  a  dose- 
dependent  manner,  with  an  EC5o  of  about  75  ^g/ml  for  TSU  tumor  cells  and  35  /xg/ml  for  the  endothelial 
cells.  In  contrast,  the  scrambled  peptide  had  no  obvious  effect  on  the  proliferation  of  the  cells  at  100  jug/ml. 
This  effect  was  also  reflected  in  the  morphology  of  the  cells.  After  exposure  to  50  ix g/ml  RGD-tachyplesin 
for  12  h,  a  significant  fraction  of  treated  cells  had  become  rounded  and  detached,  whereas  few  cells  did  so 
after  treatment  with  the  control  peptide  (data  not  shown). 

To  determine  whether  non-tumorigenic  cells  were  also  affected  by  RGD-tachyplesin,  the 
immortalized  cell  lines,  Cos-7  and  N1H-3T3,  were  tested  in  the  [3H]-thymidine  incorporation  assay.  As 
shown  in  Fig.  1  IB,  when  treated  with  50  /rg/ml  RGD-tachyplesin,  the  extent  of  inhibition  of  Cos-7  or  NIH- 
3T3  (0-20%)  was  less  than  that  of  tumor  or  proliferating  endothelial  cells  (40-75%),  indicating  that 
nontumorigenic  cells  are  less  sensitive  to  RGD-tachyplesin. 

Next,  we  examined  the  effects  of  the  peptides  on  the  growth  of  TSU  cells  in  soft  agar.  The  ability 
of  cells  to  grow  under  such  anchorage-independent  conditions  is  one  of  the  characteristic  phenotypes  of 
aggressive  tumor  cells.  As  shown  in  Fig.  1 1C,  RGD-tachyplesin  inhibited  the  ability  of  TSU  cells  to  form 
colonies  as  compared  to  the  groups  of  control  peptide  and  vehicle  alone. 


Fig.  11.  Anti-tumor  effect  of  tachyplesin  on  tumor/endothelial  cells  in  vitro 


The  in  vivo  effects  of  RGD-tachyplesin  on  the  growth 
of  TSU  or  B16  tumor  cells  in  CAM  or  mouse  models  were 
examined.  As  shown  in  Fig.  12,  the  TSU  tumor  xenografts 
growing  in  CAM  in  the  group  treated  with  RGD-tachyplesin 
(Fig.  12B)  were  smaller  than  those  in  the  group  treated  with 
control  peptide  (Fig.l2A).  In  addition,  the  average  weight  of 
the  xenografts  in  the  RGD-tachyplesin-treated  group  was 
significantly  less  than  that  of  xenografts  in  the  control  group 
(Fig.  12 C).  Similarly,  in  the  B16  mouse  model,  the  B16  tumor 
xenografts  in  the  RGD-tachyplesin-treated  group  (Fig.  12 E) 
were  smaller  than  those  in  the  control  group  (Fig.  12D),  and 
this  difference  was  statistically  significant  ( P  <  0.05;  Fig.  4F+ 
).  It  should  be  noted  that  RGD-tachyplesin  did  not  appear  to  be 
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toxic  to  the  mice,  as  judged  by  their  weights  and  activity  at  the  end  of  the  experiment.  Thus,  the  results  from  two 
models  are  consistent  with  each  other,  indicating  that  RGD-tachyplesin  can  inhibit  tumor  growth  in  vivo. 


C.  To  explore  the  possible  mechanisms  by  which  HABPs  exert  their  anti-tumor  effects 
1.  Effect  of  HABPs  on  proliferation  and  migration  of  endothelial  cells  in  vitro  and 
angiogenesis  in  vivo.  Fig  13  Control  HABP  5  ug/ml  HABP  50  ug/ml 

It  has  been  reported  that  cartilage  contains  anti¬ 
angiogenesis  substance  that  is  in  part  responsible  for  the 
anti-tumor  effect  (1-4,  8-21).  To  test  if  our  purified 
cartilage  HABP  had  any  effect  on  endothelial  cells,  we 
performed  in  vitro  and  in  vivo  studies. 

First,  the  different  amounts  of  HABP  (5,  50 
pg/ml)  or  heat-inactive  HABP  or  HABP  pre-incubated 
with  excess  of  HA  or  HA  alone  (as  control)  were  added 
to  the  media  of  endothelial  cells  cultured  in  24  well 
plate.  On  day  2,  4,  6  and  8,  the  cells  were  harvested  with 
10  mM  EDTA  and  the  number  was  counted  with  Coulter 
Counter.  The  result  (Fig.  13  top  panel)  showed  that  the 
HABP  inhibited  the  growth  of  endothelial  cells  in  a 
dose-dependent  manner.  This  effect  was  abolished  when 
HABP  was  heat-inactivated  or  pre-incubated  with  HA, 
indicating  that  the  natural  structure  and  the  HA  binding 
site  are  critical  for  its  function  of  anti-endothelial  cells. 

The  ceil  death  is  likely  due  to  apoptosis,  since  the  flow 
cytometer  analysis  showed  (Fig.  13  bottom  panel)  that  the  apoptotic  bodies  of  two  types  of  endothelium 
(BREC  and  AB  AE)  were  increased  upon  the  exposed  to  HABP. 

Secondly,  the  HABP  effect  on  the  migration  of  endothelial  cells  was  carried  out  with  Boyden  Chamber 
Assay.  Aliquots  containing  5  x  103  cartilage  retinal  endothelial  cells  (BREC)  in  50  pi  media  was  added  to 
bottom  wells  of  a  48  well  Boyden  chamber  and  then  covered  with  a  Nucleopore  membrane  (5  pm  pore  size) 
coated  with  0.1  mg/ml  gelatin.  The  chamber  was  assembled  and  inverted  for  2  hours  to  allow  the  cells  to  adhere 
to  the  bottom  side  of  membrane  and  then  turned  upright.  Fifty  pi  of  50  pg  /ml  of  HABP  (as  test)  or  heat- 
inactivated  HABP  was  added  to  top  wells  of  chamber  and 
incubated  for  another  2  hours.  Then,  the  cells  on  bottom 
side  of  the  membrane  will  be  carefully  wiped  off  and  the 
cells  that  have  migrated  to  the  top  side  of  the  membrane 
will  be  stained  with  Hema  3.  The  number  of  cells  in  10 
random  fields  will  be  counted.  The  result  showed  that  the 
migration  of  BREC  was  greatly  inhibited  by  HABP 
compared  to  the  heat-inactivated  HABP  (Fig.  14A  and  B) 
and  the  difference  was  statistically  significant  (Fig.  14C).  Fig.  14.  Migration  of  endothelium  was  inhibited  by  HABP 

Fig.  15.  Inhibition  of  angiogenesis  in  CAM 

The  effect  of  HABP  on  in  vivo  angiogenesis  was  tested  in  CAM  r- 
(chorioallantoic  membranes).  Filter  disks  (0.5  cm  in  diameter)  containing 
15  ng  of  VEGF  (as  stimulator)  will  be  placed  on  the  CAMs  of  6  days-old 
chicken  embryo  (10  eggs/group).  80  pg  /ml  of  HABP  (as  test)  or  heat- 
inactivated  HABP  or  saline  (as  controls)  was  administrated  i.v.  into  the 
CAM  once.  On  day  4,  the  filter  disks  were  cut  out  and  fixed  in  3.7% 

formaldehyde.  The  blood  vessels  on  the  filter  disks  were  digitally  | _ I _ 
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photographed  and  analyzed  with  Optimas  5  program  to  determine  the  total  vessel  length.  The  result  was 
expressed  as  vessel  length  index:  total  length  of  each  sample/  total  area  measured.  Indeed,  the  VEGF  stimulated 
angiogenesis  was  inhibited  by  HABP  (Fig.  15B)  compared  to  the  groups  treated  with  heat-inactivated  HABP 
(Fig.  15C)  or  saline  (Fig.  15A).  The  difference  in  vessel  length  index  among  these  groups  was  statistically 
significant  (P<0.05,  see  attached  paper). 

2.  HABPs  alter  the  integrity  of  cell  membrane 

One  possible  mechanism  to  kill  cancer  cells  is  to  alter  their  integrity  of  plasma  or  mitochondrial 
membrane,  which,  in  turn,  induces  apoptosis.  To  examine  this,  we  used  JC-1  staining,  which  measures  the 
membrane  potential  of  mitochondria.  As  shown  in  Fig.  16  B  and  C,  treatment  with  RGD-tachyplesin  caused  a 
shift  in  the  fluorescence  profile  from  one  that  was  highly  red  (Fig.  16 B)  to  one  that  was  less  red  and  more  green 
(Fig.  16 C).  This  indicated  that  the  membrane  potential  of  mitochondria  was  changed  by  treatment  with  RGD- 
tachyplesin.  Fig.16.  Impairment  of  integrity  of  cell  membrane  by  RGD-tachyplesin 

We  also  examined  the 
integrity  of  the  plasma  membrane 
and  nuclear  membrane  after 
treatment  with  the  scrambled 
peptide  and  RGD-tachyplesin  using 
two  different  fluorescent  markers. 

YO-PRO-1  dye  can  only  stain  the 
nuclei  of  cells  with  damaged  plasma 
and  nuclear  membranes.  Fig.  16D 
shows  that  treatment  with  RGD- 
tachyplesin  allowed  the  YO-PRO-1 
dye  to  pass  into  the  nuclei,  causing 
an  increase  in  the  fluorescence 
intensity.  Similar  results  were 
obtained  when  the  cells  were  stained 
with  FlTC-dextran,  which  is  not 
taken  up  by  viable,  healthy  cells  but 
can  pass  through  the  damaged  plasma  membrane  of  unhealthy  cells.  Fig.  1 6E  shows  that  cells  treated  with  RGD- 
tachyplesin  took  up  a  greater  amount  of  FITC-dextran  (Mr  40,000)  than  did  those  treated  with  the  control 
peptide.  These  results  indicated  that  the  majority  of  RGD-tachyplesin-treated  cells  allowed  these  big  molecules 
to  pass  their  damaged  membranes. 


Fig  17  HABP  induces  apoptosis 

To  examine  the  extent  of  apoptosis,  TSU  cells  that  had  been 
treated  for  1  day  with  the  test  or  control  peptides  were  stained  with 
FITC-annexin  and  propidium  iodide.  FITC-annexin  V  binds  to 
phosphatidylserine,  which  is  exposed  on  the  outer  leaflet  of  the  plasma 
membrane  of  cells  in  the  initial  stages  of  apoptosis,  whereas  propidium 
iodide  preferentially  stains  the  nucleus  of  dead  cells,  but  not  living  cells. 

Fig.  16A  shows  that  treatment  with  RGD-tachyplesin  induced  apoptosis 
(annexin  V  positive,  propidium  iodide  negative)  in  a  greater  number  of 
cells  than  did  treatment  with  the  vehicle  or  control  peptide.  Similarly,  when  tumor  cells  were  treated  with 
purified  HABP,  there  was  an  increased  apoptotic  body  as  stained  with  Hochest  33258  (Fig  17),  which  could  be 
abolished  by  pre-mixture  of  HABP  and  HA. 
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3.  HABP  triggers  apoptosis  pathways  Fig  18.  HABP  triggers  apoptosis  cascade 

Apoptosis  can  be  induced  by  two  mechanisms:  (a)  the 
mitochondrial  pathway;  and  ( b )  the  death  receptor  pathway.  To 
identify  the  nature  of  the  apoptotic  pathway  triggered  by  RGD- 
tachyplesin,  both  TSU  and  ABAE  cells  were  treated  overnight 
with  RGD-tachyplesin  and  control  peptide  and  then  analyzed  by 
Western  blotting  for  the  alterations  of  molecules  involved  in  the 
mitochondrial  and  Fas-dependent  pathways.  Fig.  18  shows  that 
treatment  of  both  TSU  tumor  cells  and  ABAE  cells  with  RGD- 
tachyplesin  caused  the  cleavage  of  Mr  46,000  caspase  9  into 
subunits  of  Mx  35,000  and  Mr  10,000,  indicating  activation  of 
the  mitochondrial-related,  Fas-independent  pathway.  In  addition, 

RGD-tachyplesin  treatment  could  up-regulate  the  expression  of 
upstream  molecules  in  the  Fas-dependent  pathway,  including 
Fas  ligand  (Mr  43,000),  FADD  (Mr  28,000),  and  activate 
subunits  of  caspase  8  (Mr  18,000).  Furthermore,  the  downstream 
effectors,  such  as  caspase  3  subunits  (Mr  20,000),  caspase  6  (Mr 
40,000),  and  caspase  7  (Mr  34,000),  were  also  up-regulated  by 
RGD-tachyplesin.  These  results  suggest  that  RGD-tachyplesin 
induces  apoptosis  through  both  the  mitochondrial-related,  Fas-independent  pathway  and  the  Fas-dependent 
pathway.  However,  because  there  is  cross-talk  between  these  two  pathways,  we  do  not  have  enough  evidence  to 
determine  which  one  is  the  initiator. 

Similar  pattern  of  apoptosis  related  molecules  was  found  in  tumor  cells  treated  with  brain  HABP  (Fig 
19).  In  addition,  the  P53,  P16,  P27  were  up-regulated  while  bcl-2  and  cyclin  E  were  down-regulated.  It  seems 
that  brain  HABP  has  multiple  regulatory  functions  to  impact  on  several  key  molecules  related  with  cell  cycle 
and  apoptosis. 

Fig  19.  Brain  HABP  alters  cell  cycle  and  apoptosis  molecules 


Effect  of  b-H  A  B  P  on  Molecules  involved  in 
Apoptosis  and  cell  cycle 


Increased:  FasL,  Caspase  3,  p  1  6 ,  p27,  p53 

Decreased:  bcl-2,  cyclin  E 

4.  HABPs  interacts  with  mitochondria  and  Bcl-2 

The  mitochondria  play  a  central  role  in  regulating  apoptosis.  To 
determine  if  HABPs  could  target  on  mitochondria,  the  FITC  labeled  P4 
was  used  to  stain  the  cells  and  MitoTracker  (red)  was  used  as  land- 
marker.  The  imaging  obtained  from  confocal  microscope  was  overlayed 
and  showed  that  P4  could  accumulate  in  mitochondria  (Fig  20).  Indeed, 

P4  and  several  members  of  the  Bcl-2  family  interact  with  the 


Fig  20.  P4  targets  on  mitochondria 
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mitochondria  to  control  its  function  as  well  as  the  apoptotic  cascade.  Thus,  it  is  possible  that  HABPs  interacts 
with  Bcl-2  or  related  proteins  on  the  mitochondria.  To  test  this  possibility,  we  examined  the  binding  between  P4 
and  Bcl-2  using  an  ELISA.  For  this,  immobilized  P4  was  probed  with  varying  concentrations  of  purified  Bcl-2 
followed  by  an  antibody  to  Bcl-2.  As  shown  in  Figure  21,  the  Bcl-2  bound  to  the  P4  in  a  dose-dependent 
fashion  but  demonstrated  little  or  no  binding  to  the  random  peptide  or  to  wells  coated  with  vehicle  alone. 

We  further  examined  the  interaction  between  P4  and  Bcl-2  by  immunoprecipitation.  For  this,  293T  cells 
were  transiently  transfected  with  an  expression  vector  coding  for  Bcl-2  or  Bcl-xL  fused  to  green  fluorescence 
protein  (GFP)  or  with  GFP  alone  as  a  control  (Fig.  216,  lanes  1-3).  The  cells  were  then  incubated  with  biotin- 
P4,  extracted  and  mixed  with  streptavidin-Sepharose  beads.  The  bound  material  was  then  analyzed  by  Western 
blotting  using  an  antibody  to  GFP.  Figure  21  b  shows  that  P4  could  pull  down  both  Bcl-2-GFP  and  Bcl-xL,-GFP 
(lanes  5  and  6)  but  had  no  effect  on  GFP  alone  (lanes  4),  indicating  that  the  interaction  occurs  between  Bcl- 
2/BcI-xl  and  P4.  Similar  results  were  obtained  with  MCF-7  cells  transfected  with  a  Bcl-2  expression  vector 
(data  not  shown). 

If  P4  exerts  its  effects  by  blocking  Bcl-2-induced  apoptosis,  then  the  overexpression  of  Bcl-2  should 
block  this  process.  To  test  this  possibility,  MCF-7  cells  were  transfected  with  an  expression  vector  for  Bcl-2  or 
an  empty  vector  and  then  tested  for  their  response  to  P4  by  thymidine  incorporation.  When  the  parental  MCF-7 
cells  were  treated  with  P4  overnight,  they  detached  from  the  substratum,  became  rounded  and  condensed, 
whereas  this  did  not  occur  with  their  counterparts  treated  with  the  random  peptide.  However,  when  the  MCF-7 
cells  that  over-expressed  Bcl-2  were  treated  with  P4,  they  were  much  less  susceptible  to  cell  damage  compared 
to  the  vector  transfected  cells  (46%  of  Bcl-2  high  expressing  cells  vs.  70%  of  control  cells).  Thus,  excess  level 
of  Bcl-2  appears  to  reduce  the  toxic  effects  of  P4,  which  again  suggests  that  Bcl-2  is  the  target  of  P4. 


Fig.  21.  Interaction  of  P4  with  Bcl-2 


Fig.  22.  P4  triggers  the  release  of  cytochrome  c 

To  determine  if  P4  initiated  apoptosis  by  destabilizing  the 
mitochondria,  we  performed  an  in  vitro  assay  to  detect  the  release 
of  cytochrome  c.  A  crude  preparation  of  mitochondria  was  isolated 
from  MDA-435  cells  by  differential  centrifugation  and  divided  into 
3  fractions  that  were  treated  with  vehicle  alone,  a  random  peptide 
and  P4,  respectively.  The  3  samples  were  centrifuged  to  separate  the 
pellets  containing  the  particulate  fraction  from  the  supernatants 
containing  the  soluble  components.  All  of  the  resulting  fractions  were  then  analyzed  by  Western  blotting  for 
cytochrome  c.  Figure  22  shows  that  increased  cytochrome  c  was  detected  in  the  supernatant  of  samples  treated 
with  P4  (lane  3)  but  not  in  those  treated  with  either  the  random  peptide  or  vehicle  alone  (lane  1  and  2). 
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5.  HABPs  activate  the  classic  complement  pathway  to  kill  tumor  cells 

To  identify  the  molecule  that  bind  to  HABPs,  we  also  took  phage  display  approach.  We  screened  a 
phage-displayed  library  of  some  1.6  x  107  unique  clones  expressing  sequences  from  cancer  cells  ranging  in  size 
from  300  to  3,000  bp  in  length  fused  to  the  T7  gene  10  capsid  protein.  Phage  particles  expressing  tachyplesin- 
binding  proteins/peptides  were  affinity  purified  on  the  wells  of  a  microtiter  plate  coated  with  tachyplesin  or 
control  peptide.  After  four  or  five  rounds  of  biopanning,  the  number  of  phages  from  the  tachyplesin-coated 
plates  was  "100-fold  greater  than  that  from  control  peptide  plates.  Ten  plaques  were  then  selected  and  amplified 
by  PCR.  Eight  had  the  same-size  PCR  products  and  some  of  these  were  then  sequenced.  The  deduced  amino 
acid  sequences  were  then  subjected  to  a  blast  analysis,  which  repeatedly  identified  human  Clq.  The  region  of 
Clq  binding  to  tacyplesin  was  located  around  the  first  400  bp  of  complement  Clq  B  chain  open  reading  frame 
(Genbank  accession  no.  NM_000491),  corresponding  to  the  NH2-terminal  collagen-like  domain  of  Clq  (31). 


To  further  test  the  possibility  that  tachyplesin  indeed 
binds  to  Clq,  we  examined  the  interaction  between  these  two 
proteins  using  an  ELISA-like  system.  In  the  first  assay,  plates 
were  coated  with  tachyplesin  or  the  control  peptide,  probed 
with  Clq,  and  then  the  amount  of  bound  Clq  was  detected 
with  anti-Clq.  As  shown  in  Fig.23A,  Clq  binds  to 
immobilized  tachyplesin  in  a  dose-dependent  manner,  but  not 
to  the  control  peptide.  Similar  results  were  obtained  when  the 
plates  were  precoated  with  Clq  and  then  probed  with 
biotinylated  tachyplesin  (Fig.  23 B).  However,  this  interaction 
was  significantly  reduced  if  the  tachyplesin  was  denatured  by 
reduction  and  alkylation  of  the  disulfide  bonds  and  further 
acetylation  of  the  charged  side  chains  (Fig.  23 C),  which 
suggests  that  the  interaction  between  tachyplesin  and  Clq 
depends  on  the  secondary  structure  of  tachyplesin. 

The  binding  of  tachyplesin  to  Clq  was  also  dependent  on  theNaCl  concentration  used  in  the  assay  buffer 
(Fig.  23 D).  The  maximum  binding  occurred  at  0.15  mol/L  NaCl,  the  normal  physiologic  salt  concentration.  Both 
increasing  and  decreasing  the  ionic  strength  in  the  assay  drastically  reduced  the  binding. 


The  interaction  between  tachyplesin  and  Clq  was  further 
examined  by  affinity  precipitation  and  Western  blotting  of 
normal  human  serum.  For  this,  a  biotinylated  tachyplesin  was 
incubated  with  normal  human  serum,  followed  by  streptavidin- 
Sepharose.  The  immobilized  proteins  were  then  eluted  and 
analyzed  by  Western  blotting.  As  shown  in  Fig.  24,  probing  the 
blot  with  a  polyclonal  antibody  revealed  three  bands 
corresponding  to  three  chains  of  the  Clq  complex  (A:  27.5  kDa, 

B:  25.2  kDa,  and  C:  23.8  kDa,  respectively)  in  the  tachyplesin-treated  sample,  but  not  in  the  samples  without  the 
peptide  or  with  the  control  peptide.  Not  surprisingly,  only  a  small  portion  of  Clq  from  the  serum  was  pulled 
down  because  serum  contains  a  relatively  high  concentration  of  this  protein  (80  jig/mL;  ref.  32).  Taken  together, 
these  results  suggests  that  Clq  binds  to  both  immobilized  (surface-bound)  and  free  (liquid-phase)  tachyplesin, 
and  tachyplesin  binds  to  both  purified  and  serum  Clq,  which  confirms  that  there  is  true  interaction  between 
these  two  molecules. 


Fig  24.  binding  of  tachyplesin  to  serum  Clq 


Fig  23.  Binding  of  tachyplesin  to  Clq 
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Fig  25.  tachyplesin  could  activate  the  complement  pathway 


To  determine  if  tachyplesin  could 
activate  the  complement  pathway,  we  used 
ELISAs  with  tachyplesin-coated 
microplates.  Normal  serum  was  diluted 
with  VBS  (containing  Ca2+)  and  applied  to 
wells  coated  with  tachyplesin  or  the  control 
peptide,  washed,  and  then  probed  with 
antibodies  against  C4,  C3,  and  C5b-9.  As 
shown  in  Fig.  25 A,  significant  amounts  of 
activated  fragments  of  C4b,  C3b,  and  C5b- 
9  complex  were  bound  to  the  immobilized 
tachyplesin  but  not  to  the  immobilized 
control  peptide.  Furthermore,  when  the 
same  fresh  serum  was  heat-inactivated  (56°C,  30  minutes)  before  use,  then  the  amount  of  C4b,  C3b,  and  C5b-9 
complex  was  greatly  reduced.  These  results  show  that  tachyplesin  is  able  to  trigger  the  activation  of  whole 
classic  complement  cascade,  which  is  characterized  by  the  appearance  of  C4b,  C3b,  and  C5b-9  complex. 

To  further  test  for  the  presence  of  activated  C4b  fragments,  Western  blotting  was  done.  For  this,  normal 
fresh  human  serum  was  mixed  with  the  biotinylated  tachyplesin  or  control  peptide,  affinity-precipitated  with 
streptavidin-Sepharose,  and  then  subjected  to  SDS-PAGE  and  Western  blotting  using  antibodies  to  C4.  Figure 
25 B  shows  that  the  three  peptide  chains  of  C4b  (u  97  kDa,  B  75  kDa,  and  733  kDa,  respectively)  were  affinity- 
precipitated  in  the  tachyplesin-treated  sample,  but  not  in  those  treated  with  the  control  peptide  or  in  the  absence 
of  peptide.  This  is  consistent  with  the  results  obtained  from  ELISA  and  further  supports  the  conclusion  that 
tachyplesin  can  activate  the  classic  complement  cascade.  Whereas  it  is  possible  that  tachyplesin  binds  directly  to 
C4b,  the  phage  display  results  suggest  that  this  is  not  the  case.  Tachyplesin  seems  to  initially  and  mainly  bind  to 
Clq  and  then  to  C4b. 

Fig  26.  HA -mediated  attachment  of  tachyplesin  to  TSU  tumor  cells 

Because  tachyplesin  contains  a 
hyaluronan-binding  motif  [B(X)vB],  we 
investigated  the  possibility  that  tachyplesin  can 
bind  to  hyaluronan  (both  free  and  cell 
associated).  We  took  advantage  of  the  fact  that 
hyaluronan  by  itself  does  not  bind  to 
nitrocellulose  but  will  do  so  in  the  presence 
proteins  or  peptides  that  bind  to  it  (33).  In  the 
assay,  tachyplesin  was  mixed  with 
[3H]  hyaluronan  and  then  applied  to  a 
nitrocellulose  membrane.  The  free 
[H]  hyaluronan  was  washed  away  and  the 
complex  of  [3H]hyaluronan-tachyplesin  retained 
on  the  filter  membrane  was  analyzed.  Figure 
26A  shows  that  tachyplesin  binds  strongly  to 
hyaluronan  and  this  could  be  abolished  by  a  100- 
fold  excess  of  unlabeled  hyaluronan.  In  contrast,  the  control  peptide  showed  little  or  no  binding  to 
[3H]hyaluronan,  indicating  that  the  binding  of  tachyplesin  to  hyaluronan  was  specific. 

We  then  examined  the  binding  of  FITC-tachyplesin  to  TSU  cells  that  express  large  amounts  of 
hyaluronan  on  their  surfaces  (34,  35).  As  shown  in  Fig.  26 B,  tachyplesin  was  distributed  on  the  surface  of  the 
cells.  This  binding  was  significantly  reduced  by  the  addition  of  an  excess  of  free  hyaluronan  on  pretreatment 
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with  hyaluronidase  (Fig.  26 C)  as  shown  by  flow  cytometry  analysis.  These  results  suggest  that  hyaluronan  or 
related  molecules,  such  as  chondroitin  sulfate  (36),  act  as  targets  for  tachyplesin  on  the  cell  surface. 

Fig  27.  Effect  of  tachyplesin  on  induction  of  complement  on  the  cell  surfaces 

In  the  classic  pathway  of  complement  activation,  4-  to  5- 
fold  more  C3b  than  C4b  is  deposited  on  the  surfaces  of  target 
cells  (37).  In  addition,  C3  contains  a  thioester  moiety  that  can 
form  covalent  bonds  with  nearby  molecules  in  the  transition 
from  C3  to  C3b.  Thus,  C3b  deposition  represents  an  index  of 
complement  activation.  For  this  reason,  we  tested  whether 
tachyplesin  could  induce  the  deposition  of  C3b  on  tumor  cells. 

TSU  cells  were  incubated  in  a  mixture  of  normal  serum  and 
tachyplesin,  stained  with  antibodies  to  C3,  then  examined  by 
confocal  microscopy.  As  shown  in  Fig.  21A  and  B,  C3b  was 
indeed  deposited  on  the  surfaces  of  TSU  cells. 

The  presence  of  activated  C3b  was  also  shown  by  Western  blotting  of  TSU  cells  following  treatment 
with  serum  and  tachyplesin.  Figure  27C  shows  that  in  the  samples  treated  with  tachyplesin,  two  subunits  of  C3b 
(tr  115  kDa  and  6  75  kDa)  and  possibly  degraded  iC3b  (?  band  for  trl).  Significantly,  a  high  molecular  weight 
band  ( HMW  in  Fig.  27C)  was  found  with  Western  blotting  under  reducing  conditions,  indicating  a  covalent 
linkage  to  large  membrane  constituents.  Scans  of  these  Western  blots  revealed  that  the  majority  of  deposited 
C3b  (70-80%)  was  present  in  this  high  molecular  weight  form.  This  is  consistent  with  the  fact  that  in  the 
transition  from  C3  to  C3b,  a  thioester  moiety,  can  form  covalent  bonds  with  nearby  molecules.  FACS  analysis 
of  cells  treated  with  tachyplesin  and  serum  (Fig.  21D)  showed  that  there  was  a  significant  increase  in  FITC- 
tagged  antibody  to  C3,  indicating  that  C3b  was  deposited  on  the  tumor  cells,  which  did  not  occur  with  cells 
treated  with  the  control  peptide.  These  results  are  consistent  with  those  from  confocal  microscopy  and  Western 
blotting. 

Fig  28.  Effect  of  HAase  on  tachyplesin  function. 

Because  tachyplesin  can  bind  to  hyaluronan,  we  investigated 
the  possibility  that  membrane-bound  hyaluronan  plays  a  role  the 
binding  of  tachyplesin-mediated  activation  of  complement  on  the 
surface  of  tumor  cells.  Suspensions  of  TSU  cells  were  pretreated  with 
hyaluronidase  before  the  addition  of  tachyplesin  and  human  serum; 
the  presence  of  C3b  was  detected  by  immunostaining  followed  by 
FACS  analysis.  As  shown  in  Fig.  21D,  hyaluronidase  pretreatment 
markedly  reduced  the  intensity  of  fluorescence,  indicating  a  reduction 
in  C3b  deposition.  Thus,  hyaluronan  or  related  glycosaminoglycans 
seems  to  play  a  key  role  in  the  activation  of  complement  on  the  cell 
surface  by  tachyplesin. 

The  complement  membrane  attack  complex  (MAC,  C5b-9) 
can  damage  the  cell  membrane,  which  results  in  the  killing  of  the 
target  cells.  The  possibility  that  tachyplesin  can  trigger  the  deposition 
of  complement  and  the  formation  of  C5b-9  on  the  surfaces  of  tumor 
cells  via  the  classic  pathway  suggests  that  it  might  kill  cells  by 
disrupting  the  integrity  of  the  plasma  membrane.  To  test  this  possibility,  we  examined  the  permeability  of  cell 
membrane  with  macromolecule  FITC-dextran,  which  is  excluded  by  the  membranes  of  viable,  healthy  cells  but 
can  pass  through  the  damaged  plasma  membrane  of  unhealthy  cells.  Figure  28A  showed  that  when  cells  were 
treated  with  tachyplesin  and  human  serum,  the  fluorescence  spectrum  shifted,  indicating  that  more  FITC-dextran 
had  passed  through  the  plasma  membrane  and  entered  the  cytoplasm.  Thus,  it  seems  that  treatment  with 
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tachyplesin  disrupted  the  cell  membrane  and  increased  its  permeability. 

Fig  29.  Tachyplesin  induced  death  via  activated  complement 

Finally,  we  examined  the  effect  of  tachyplesin  and 
normal  human  serum  on  tumor  cell  proliferation  as 
measured  by  thymidine  incorporation  and  cell  death  as 
measured  by  trypan  blue  uptake.  As  indicated  in  Figs.  28 B 
and  29,  TSU  cells  treated  with  tachyplesin  in  the  presence 
of  complete  human  serum  showed  a  marked  inhibition  of 
proliferation  and  an  increased  extent  of  cell  death.  Figure 
28B  also  showed  that  treatment  with  hyaluronidase 
significantly  reversed  the  effects,  again  suggesting  that 
cell-surface  hyaluronan  plays  a  critical  role  in  tachyplesin- 
induced  inhibition  of  tumor  cell  growth.  Significantly, 
heat-inactivated  serum  also  attenuated  the  effects  of 
tachyplesin,  but  to  a  lesser  extent  than  hyaluronidase 
treatment.  These  results  imply  that  tachyplesin  may  have 
multiple  effects  on  the  cells  leading  to  both  growth  arrest  and  death. 

Taken  together,  the  members  in  HABPs  family  seem  to  utilize  multiple  mechanisms  to  exert  their  anti¬ 
tumor  effect.  Among  these  action  points,  there  may  be  a  initial  target  that  HABPs  have  a  high  affinity  to  it, 
which  needs  to  be  further  investigated. 

This  study  reveals  that  several  HABPs  from  different  sources  have  the  anti-tumor  effect.  Although  their 
action  mechanism  is  still  not  well  elucidated,  they  still  have  potential  to  be  developed  as  new  anti-tumor  agent 
due  to  non-toxicity  and  easy  to  make  a  large  quantity. 
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Key  Research  Accomplishments 


In  this  grant  support  period,  we  demonstrated  that:  1)  HABPs  could  be  obtained  via  different 
approaches,  such  as  affinity  purification,  genetic  expression  and  chemical  synthesis;  2)  HABPs  from  different 
sources  exerted  anti-cancer  effect  without  obvious  side-effect,  indicating  that  anti-tumor  effect  is  a  universal 
property  of  members  in  HABPs  family;  3)  HABPs  could  inhibit  the  tumor  angiogenesis;  4)  some  HABPs  could 
bind  to  Bcl-2,  promote  the  release  of  cytochrome  c  and  trigger  apoptosis  of  tumor  cells;  5)  some  HABPs  could 
activate  the  classic  complement  pathway  to  kill  tumor  cells. 

The  results  reveal  that  HABPs,  a  set  of  naturally  existing  biological  agents  is  likely  to  be  a  new  category 
of  anti-tumor  agent  via  triggering  intrinsic  death  pathways. 

We  believe  that  study  of  functional  domain  of  HABPs  may  lead  to  discover  new  anti-tumor  agent  that 
can  be  synthesized  in  a  large  quantity  and  safe  for  use  in  cancer  treatment. 
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Conclusions 


•  HA-Sepharose  4B  affinity  column  is  a  good  method  to  purify  bioactive  form  of  HABP  with  little 
endotoxin  contamination. 

•  HABPs  can  be  genetically  expressed  and  modified. 

•  HABPs  can  be  chemically  synthesized  in  a  large  quantity  with  modification  of  functional  HA  binding 
domain  (B[X7]B)  and  targeting  domain  (RGD). 

•  HABPs  can  inhibit  the  anchorage-dependent  and  independent  growth  of  tumor  cells  in  vitro. 

•  HABPs  can  reduce  the  growth  of  TSU  prostate  cancer  and  other  tumor  in  vivo. 

•  HABPs  can  inhibit  the  experimental  metastasis. 

•  HABPs  can  inhibit  the  proliferation  and  migration  of  endothelial  cells  in  vitro  and  angiogenesis  in  vivo. 

•  HABPs  interact  with  Bcl-2,  promote  the  release  of  cytochrome  c  and  trigger  apoptosis  of  tumor  cells. 

•  HABPs  activate  the  classic  complement  pathway  to  kill  tumor  cells. 
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1-1 .  McLreskey  S.W.,  Lurong  Zhang,  Samir  K,  Kern  FG:  Tamoxifen  resistance  of  FGFs  transfected  MCF-7  cells  are 
cross-resistance  in  vivo  to  anti-estrogen  ICI  182,278  and  aromatase  inhibitors.  Clinical  Can  Res1998;  4:  697-71 1 

12.  Ningfei  Liu  &  Lurong  Zhang:  Changes  of  tissue  fluid  hyluronan  (hyluronic  acid)  in  peripheral  lymphedema. 
Lymphology  1 998,31 : 1 73 
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hyaluronan. Matrix  1999; 
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16.  Han  Z,  Ni  J,  Smits  P,  Underhill  CB,  Xie  B,  Chen  Y,  Liu  N,  Tylzanowski  P,  Parmelee  D,  Feng  P,  Ding  I,  Gao  F, 
Gentz  R,  Huylebroeck  D,  Merregaert  J,  and  Zhang  L:Extracellular  matrix  protein  1(ECM1):  a  novel  angiogenic  factor 
expressed  in  breast  cancer  cells.  FASEB  J:  2001 ;  988-994 

17.  Ningfei  Liu,  Charles  B.  Underhill,  Randall  Lapevich  ,  Zeqiu  Han,  Feng  Gao,  Lurong  Zhang  and  Shawn  Green: 
Metastatin:  A  hyaluronan  binding  complex  from  cartilage  that  inhibits  tumor  growth.  Cancer  Res  2001 ;  61 :1 022-28 
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bone  marrow  but  not  KHT  sarcoma.  Am  J  Clin  Oncol.  2001 ;  24  (5):491-5 
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34.  Kim  S  and  Zhang  L:  Identification  of  naturally  secreted  soluble  form  of  TL1  A,  a  TNF-like  cytokine.  J  Immunol. 
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receptor  3  in  precancerous  lesion  and  adenocarcinoma  of  the  esophagus.  Am.  J  Clinical  Pathology  2005,  (in  press) 


PHS  398  (Rev.  5/95)  Page _ 1_ 

Number  Daaes  consecutively  at  the  bottom  throuahout  the  aoDlication  Do  not  use  suffixes  such  as  3a.  3b. 


GG 


Principal  Investigator/Program  Director  (Last,  first,  middle ):. 

Active/Pending  Other  Support 


Active: 


1.  U19  AI067733-01  (PI:  Okunieff):  Center  for  Biophysical  Assessment  and  Risk  Management  Following 
Irradiation 

Project  1  (Co-PI)  Inflammatory  Molecules  in  Radiation  Toxicity:Risk  Assessment  and  Intervention 
09/01/05-8/31/10  50% 

Aims:  1):  Determine  beneficial  and  deleterious  IM  patterns  following  IR:  measure  soft  tissue  inflammatory 
response  to  local  or  whole  abdomen  irradiation  (IR)  in  FV  sensitive  and  resistant  mice;  2)  Identify  single  agent 
mitigating  inflammatory  and  FV  toxicity  following  IR;  3)  Test  early  and  late  therapeutic  programs  for  mitigation  of 
soft  tissue  inflammation  and  FV. 


Overlap:  None 

2.  DAMD-BC033799  Co-PI  09/01/04-8/31/06  5% 

Targeting  of  Beast  Cancer  with  Triptolide  Nanoparticle 

Aims:  1)  To  examine  the  effects  of  RGD/NGR-PA-TPL-lipo  on  primary  and  metastatic  breast  cancer;  and  2)  To 
examine  the  targeting  of  RGD/NGR-PA-TPL-lipo  on  angiogenesis. 

Overlap:  None 

3. 1R41 AI066756-01  PI  09/31/05-9/30/06  5% 

ESA,  a  novel  anti-inflammation  agent 

Aims:  1)  Test  for  beneficial  anti-inflammatory  effects  of  EsA  in  a  standard  arthritis  model;  2)  Demonstrate  that  oral 
and  other  administrative  routes  have  utility,  and  determine  the  optimal  dose  and  ED50;  3)  Measure  the  therapeutic 
window  and  side  effect  profile  of  EsA  in  mice. 

Overlap:  None 

Completed  projects  in  past  3  years: 

1  R29  CA71545  PI  9/1/97—8/31/03  50% 

NCI/NIH 

Role  of  Hyaluronan  in  Tumor  Progression 

Aims:  To  test  the  hypothesis  that:  1 )  high  level  of  HA  synthesis  will  promote  the  angiogenesis,  tumor  growth  and 
metastasis;  2)  inhibition  of  HA  expression  will  attenuate  the  malignancy  of  tumor  cells;  3)  in  vivo  spontaneous 
metastatic  process  preferentially  selects  high  HA-expressing  cells  for  growth  in  distant  sites;  and  4)  the 
expression  of  HA  is  regulated  by  hypoxia. 

DAM D1 7-98-1 -8099  PI  09/01/98-08/31/03  5% 

U.  S.  Army  Med.  Res.  &  Mat.  Command 

Role  of  Membrane-bound  Hyaluronidase  in  Tumor  Progression 

Aims:  To  test  the  hypothesis  that:  1)  over-expression  of  HAase  is  capable  of  increasing  the  malignant  potential  of 
tumor  cells;  2)  inhibition  of  HAase  activity  will  attenuate  tumor  progression;  and  3)  to  determine  if  the  process  of 
spontaneous  metastases  preferentially  selects  HAase-high  expressing  cells. 

Susan  G.  Koman  Breast  Cancer  Foundation:  PI  3/31/99-3/30/03  5% 

Role  of  ECM1  in  Breast  Cancer 

Aims:  1)  To  transfect  MCF-7  cells  with  cDNA  for  ECM1  and  examine  phenotype  alteration;  2)  To  study  the 
expression  of  ECM1  in  human  breast  cancer. 
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DAMD1 Y-00-1  -0081  PI  06/01/00-5/31/05  30% 

Targeting  of  Prostate  Cancer  with  Hyaluronan  Binding  Proteins 

Aims:  1)  To  see  the  effect  of  bovine  HABP  on  prostate  cancer  cells;  2)  To  examine  the  effect  of  link  protein  on 
prostate  cancer  cells;  2)  To  examine  the  possible  anti-angiogenesis  effect  of  bovine  HABP. 

Susan  G.  Koman  Breast  Cancer  Foundation  PI  10/1/01-1 1/30/04  5% 

A  potent  anti-tumor  agent  for  breast  cancer 

Aims:  1)  To  examine  the  anti-tumor  effect  of  triptolide  (TPL)  on  breast  cancer;  2)  To  study  the  mechanism  of  TPL 
Overlap:  None 

DAM  D1 7-01 -1-0708  PI  09/01/01-8/31/05  20% 

Therapeutic  Effect  of  Targeted  Hyaluronan  Binding  Peptide  on  Neurofibromatosis 

Aims:  1)  To  examine  the  anti-tumor  effect  of  synthetic  targeted  HA  binding  peptide  on  malignant  neurofibromatosis 
cells;  2)  To  examine  the  anti-tumor  effect  of  genetically  expressed  targeted  HA  binding  peptide;  2)  To  examine  the 
effect  of  targeted  HA  binding  peptide  on  molecules  involved  in  apoptosis. 
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Metastatin:  A  Hyaluronan-binding  Complex  from  Cartilage  That  Inhibits 
Tumor  Growth1 

Ningfei  Liu,2  Randall  K.  Lapcevich,2  Charles  B.  Underhill,  Zeqiu  Han,  Feng  Gao,  Glenn  Swartz,  Stacy  M.  Plum, 
Lurong  Zhang,2  and  Shawn  J.  Green2’3 

Department  of  Oncology,  Georgetown  University  Medical  Center.  Washington,  D  C.  20007  fN.  L..  C.  B.  U.,  Z.  H..  F.  G..  L  Z.j.  and  EntreMed,  Inc..  Rockville,  Maryland  20002 
(R.  K.  L.  G.  S.,  5.  M.  P„  S.J.  G.j 


ABSTRACT 

In  this  study,  a  hyaluronan-binding  complex,  which  we  termed  Met¬ 
astatin,  was  isolated  from  bovine  cartilage  by  affinity  chromatography 
and  found  to  have  both  antitumorigenic  and  antiangiogenic  properties. 
Metastatin  was  able  to  block  the  formation  of  tumor  nodules  in  the  lungs 
of  mice  inoculated  with  B16BL6  melanoma  or  Lewis  lung  carcinoma  cells. 
Single  i.v.  administration  of  Metastatin  into  chicken  embryos  inhibited  the 
growth  of  both  B16BL6  mouse  melanoma  and  TSIJ  human  prostate 
cancer  cells  growing  on  the  chorioallantoic  membrane.  The  in  vivo  bio¬ 
logical  effect  may  be  attributed  to  the  antiangiogenic  activity  because 
Metastatin  is  able  to  inhibit  the  migration  and  proliferation  of  cultured 
endothelial  cells  as  well  as  vascular  endothelial  growth  factor-induced 
angiogenesis  on  the  chorioallantoic  membrane.  In  each  case,  the  effect 
could  be  blocked  by  either  heat  denaturing  the  Metastatin  or  premixing  it 
with  hyaluronan,  suggesting  that  its  activity  critically  depends  on  its 
ability  to  bind  hyaluronan  on  the  target  cells.  Collectively,  these  results 
suggest  that  Metastatin  is  an  effective  antitumor  agent  that  exhibits 
antiangiogenic  activity. 

INTRODUCTION 

A  potential  therapeutic  target  on  angiogenic  endothelial  cells  is 
hyaluronan,  a  large  negatively  charged  glycosaminoglycan  that  plays 
a  role  in  the  formation  of  new  blood  vessels  (1).  Particularly  high 
concenirations  of  hyaluronan  are  associated  with  endothelial  cells  at 
the  growing  tips  or  sprouts  of  newly  forming  capillaries  (2,  3). 
Similarly,  when  cultured  endothelial  cells  are  stimulated  to  proliferate 
by  cytokines,  their  synthesis  of  hyaluronan  is  significantly  increased 
(4).  Interestingly,  this  stimulation  is  restricted  to  endothelial  cells 
derived  from  the  small  blood  vessels  and  is  not  seen  in  endothelial 
cells  derived  from  larger  ones  (4).  In  the  case  of  mature  blood  vessels, 
hyaluronan  is  present  in  perivascular  regions  and  in  the  junctions 
between  the  endothelial  cells  (5,  6).  Earlier  studies  have  shown  that 
exogenously  applied  hyaluronan  has  different  effects  on  angiogenesis 
depending  on  its  size,  with  macromolecular  hyaluronan  inhibiting 
vascularization  in  chicken  embryos,  and  oligosaccharide  fragments  of 
hyaluronan  stimulating  vascularization  in  the  chorioallantoic  mem¬ 
brane  (7-9).  Thus,  hyaluronan  appears  to  be  specifically  associated 
with  the  endothelial  cells  of  newly  forming  blood  vessels  and  can 
influence  their  behavior. 

In  addition  to  hyaluronan,  endothelial  cells  involved  in  neovascu¬ 
larization  also  express  CD44  and  other  cell  surface  receptors  for 
hyaluronan  (10-12).  In  particular,  endothelial  cells  associated  with 
tumors  express  large  amounts  of  CD44  (11).  In  previous  studies,  we 
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have  shown  that  CD44  allows  cells  to  bind  hyaluronan  so  that  it  can 
be  internalized  into  endosomal  compartments,  where  the  hyaluronan 
is  degraded  by  the  action  of  acid  hydrolases  (13,  14).  Thus,  the 
expression  of  CD44  by  endothelial  cells  allows  them  to  bind  and 
internalize  hyaluronan  as  well  as  any  associated  proteins.  The  fact  that 
both  hyaluronan  and  CD44  are  up-regulated  in  endothelial  cells  in¬ 
volved  in  neovascularization  suggests  that  the  turnover  of  hyaluronan 
by  these  cells  is  much  greater  than  that  by  cells  lining  mature  blood 
vessels. 

The  increased  turnover  of  hyaluronan  in  tumor-associated  endothe¬ 
lial  cells  suggested  a  possible  mechanism  to  specifically  target  these 
cells.  Our  initial  idea  was  to  use  a  hyaluronan-binding  complex 
isolated  from  cartilage  to  deliver  chemotherapeutic  agents  specifically 
to  these  endothelial  cells.  Purified  by  affinity  chromatography,  this 
hyaluronan-binding  complex  consists  of  tryptic  fragments  of  the  link 
protein  and  aggrecan  core  protein  (5,  15,  16).  We  intended  to  couple 
the  hyaluronan-binding  complex  to  a  chemotherapeutic  agent  such  as 
methotrexate  and  use  this  derivative  to  attack  endothelial  cells.  Wc 
hoped  that  this  derivative  would  bind  to  the  hyaluronan  on  the 
endothelial  cells  and  then  be  internalized  into  lysosomes,  where  the 
methotrexate  would  be  released  by  the  action  of  acid  hydrolyses. 
Surprisingly,  however,  in  the  course  of  these  experiments,  we  found 
that  the  hyaluronan-binding  complex  by  itself  (/.e.,  in  the  absence  of 
a  chemotherapeutic  agent)  inhibited  angiogenic  activity.  Functionally, 
we  termed  the  hyaluronan-binding  complex,  which  inhibits  tumor 
growth,  Metastatin. 

In  the  present  study,  we  demonstrate  that  Metastatin  has  a  number 
of  intriguing  biological  activities,  including  inhibition  of  endothelial 
cell  proliferation  and  migration,  inhibition  of  angiogenesis,  and  sup¬ 
pression  of  tumor  cell  growth  in  chicken  embryos  and  pulmonary 
metastasis  in  mice.  These  effects  are  blocked  by  preincubaiing  Met¬ 
astatin  with  hyaluronan.  suggesting  that  the  acrivily  of  Metastatin 
depends  on  its  ability  to  bind  hyaluronan  on  the  target  cells, 

MATERIALS  AND  METHODS 

Preparation  of  Metastatin.  The  hyaluronan-binding  complex  was  pre¬ 
pared  by  a  modified  version  of  the  method  originally  described  by  Tengblad 
(15,  16).  Briefly,  bovine  nasal  cartilage  (Pel-Freez,  Rogers,  AR)  was  shredded 
with  a  Sure-Form  blade  (Stanley),  extracted  overnight  with  4  m  guanidine-HCl 
and  0.5  m  sodium  acetate  (pH  5.8),  and  dialyzed  against  distilled  water  to 
which  10x  PBS  was  added  to  a  final  concentration  of  1  x  PBS  (pH  7.4).  The 
protein  concentration  was  measured,  and  for  each  375  mg  of  protein,  l  mg  of 
trypsin  (type  HI;  Sigma.  St.  Louis.  MO)  was  added.  After  digestion  for  2  h  at 
37°C.  the  reaction  was  terminated  by  the  addition  of  2  mg  of  soybean  trypsin 
inhibitor  (Sigma)  for  each  milligram  of  trypsin.  The  digest  was  dialyzed 
against  4  m  guanidine-HCl  and  0.5  m  acetate  (pH  5.8),  mixed  with  hyaluronan 
coupled  to  Sepharose,  and  then  dialyzed  against  a  10-lbId  volume  of  distilled 
water.  The  hyaluronan-Sepharose  beads  were  placed  into  a  chromatography 
column  and  washed  with  1.0  m  NaCl,  followed  by  a  gradient  of  I.0-3.0  M 
NaCI.  Metastatin  was  eluted  from  the  hyaluronan  affinity  column  with  4  m 
guanidine-HCl  and  0.5  m  sodium  acetate  (pH  5.8),  dialyzed  against  saline,  and 
sterilized  by  passage  through  a  0.2-p.m-pore  filter  For  SDS-PAGE  analysis, 
the  purified  preparation  was  loaded  onto  a  10%  BisTris  nonreducing  gel 
(Novex,  Inc.)  and  subsequently  stained  with  Coomassie  Blue.  To  identify  the 
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Fig,  I.  SDS-PAGE  and  NHU-lerminal  analysis  of  Metastatin. 
Lane  L  molecular  mass  markers;  Lane  2,  Metastatin  stained  with 
Coomussie  blue;  Lane  Western  blot  of  Metastatin  immuno- 
stained  with  an  antibody  against  the  link  protein.  The  fragment  of 
aggrecan  migrated  as  a  diffuse  band  at  —85  kDa,  whereas  the 
truncated  link  protein  was  at  38  kDa.  NH?-terminal  sequence 
analysis  of  the  38-kDa  band  indicated  that  the  first  24  amino  acids 
of  the  link  protein  have  been  cleaved  and  is  indicated  on  the 
schematic  diagram. 
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link  protein  by  Western  blotting,  the  proteins  on  the  gel  were  transferred  to  a 
sheet  of  nitrocellulose  and  immunostained  with  the  9/30/8-A-4  monoclonal 
antibody.  (The  monoclonal  antibody,  developed  by  Dr.  B.  Caterson,  was 
obtained  from  the  Developmental  Studies  Hybridoma  Bank  under  the  auspices 
of  the  NICHD  and  maintained  by  the  University  of  Iowa.  Department  of 
Biological  Sciences,  Iowa  City,  IA  52242.)  This  identity  was  further  confirmed 
by  NH -^terminal  sequencing  (Fig.  I).  In  tests  of  the  biological  activity  of 
Metastatin,  controls  consisted  of  Metastatin  mixed  with  an  excess  mass  of 
hyaluronan  (Lifecore,  Chaska.  MN)  or  a  heat- in  activated  preparation  made  by 
placing  it  in  a  boiling  water  bath  for  30  min. 

Endothelial  and  Tumor  Cell  Lines.  HUVECs4  were  obtained  from  the 
Tumor  Bank  of  the  Lombardi  Cancer  Center  (Georgetown  University.  Wash¬ 
ington,  DC).  ABAEs  were  kindly  provided  by  Dr.  Luyuan  Li  (Lombardi 
Cancer  Center),  and  BRECs  were  provided  by  Dr.  Rosemary  Higgins  (Pedi 
attics,  Georgetown  University).  These  endothelial  cells  were  cultured  in  90% 
DMEM,  10%  fetal  bovine  serum,  and  lOng/ml  bFGF.  The  BI6BL6  melanoma 
tumor  line  was  obtained  from  the  National  Cancer  Institute  Central  Repository 
(Frederick,  MD).  TSU  cells  were  obtained  from  the  American  Type  Culture 
Collection  (Rockville,  MD),  and  Lewis  lung  carcinoma  cells  were  kindly 
supplied  by  Dr.  Michael  O'Reilly  (Children’s  Hospital,  Boston,  MA).  The 
tumor  cells  were  grown  in  90%  DMEM.  10%  fetal  bovine  serum,  and  2  mM 
L-glutamine.  For  the  mouse  metastasis  assays,  cells  were  generally  used 
between  passages  6  and  18. 

Mice.  Specific  pathogen-free,  male,  6-8-week-old  C57B1/6  mice  were 
obtained  from  The  Jackson  Laboratory  (Bar  Harbor,  ME).  Animals  were  cared 
for  and  treated  in  accordance  with  the  procedures  outlined  in  the  Guide  for  the 
Care  and  Use  of  Laboratory  Animals  (NIH  Publication  No.  86-23).  Animals 
were  housed  in  a  pathogen- free  environment  and  provided  with  sterilized 
animal  chow  (Harlan  Sprague  Dawley,  Indianapolis,  IN)  and  water  ad  libitum. 

Mouse  Metastasis  Model  System.  For  the  experimental  melanoma  model, 
mice  were  inoculated  i.v.  in  the  lateral  tail  vein  with  B16B16  cells  (5  X  104 
cells/animal)  on  day  0.  Treatment  was  initiated  on  day  3  with  5  (0.2  mg/kg), 
15  (0.6  mg/kg),  and  49  /xg  (2  mg/kg)  of  Metastatin  and  continued  daily  until 
animals  were  sacrificed  on  day  14.  After  euthanasia,  the  lungs  were  removed, 
and  surface  metastatic  lesions  were  enumerated  under  a  dissecting  microscope. 

Mice  were  also  inoculated  with  Lewis  lung  carcinoma  cells,  which  aggres¬ 
sively  form  pulmonary  metastases.  Mice  were  injected  i.v.  in  the  lateral  tail 
vein  with  2.5  X  105  cells/animal  (day  0),  and  beginning  on  day  3,  the 
Metastatin  was  administered  by  daily  i.p.  injections  of  15  (0.6  mg/kg)  and  49 
/xg  (2  mg/kg)  or  by  three  i.v.  injections  of  1 00  /xg  (4  mg/kg)  on  days  1 ,  3,  and 
5.  Animals  were  euthanized,  and  their  lungs  were  removed  and  weighed.  To 
obtain  the  lung  weight  gain,  the  average  lung  weight  of  nontreated  mice  (0.2 
g)  was  subtracted  from  that  of  the  treated  animals. 

The  number  of  pulmonary  metastases  and  lung  weight  gains  were  reported 
as  mean  ±  SD,  and  the  differences  were  compared  using  Student’s  t  test.  The 


4  The  abbreviations  used  are:  HUVEC,  human  umbilical  vein  endothelial  cell;  ABAE, 

adult  bovine  aorta  endothelial  cell;  BREC',  bovine  retinal  endothelial  cell;  VEGF,  vascular 

endothelial  growth  factor;  bFGF.  basic  fibroblast  growth  factor. 


groups  were  considered  to  be  different  when  the  probability  (P)  value  was 
<0.05. 

Chicken  Chorioallantoic  Membrane  Assays.  To  measure  angiogenesis,  a 
chick  chorioallantoic  membrane  assay  was  performed  using  a  modification  of 
the  methods  of  Brooks  et  al.  (17).  For  this,  holes  were  drilled  in  the  tops  of 
10-day-old  chicken  eggs  to  expose  the  chorioallantoic  membranes,  and  filter 
discs  (0.5  cm  in  diameter)  containing  20  ng  of  human  recombinant  VEGF  [ 20 
/xl  (I  /xg/ml);  Pepro.  Rocky  Hill.  NJ]  were  placed  on  the  surface  of  each 
chorioallantoic  membrane  (day  0),  The  holes  were  covered  with  para  film,  and 
the  eggs  were  incubated  at  37°C  in  a  humidified  atmosphere.  One  day  later,  the 
eggs  were  given  injections  (via  a  blood  vessel  in  the  chorioallantoic  membrane 
using  a  30-gauge  needle)  of  the  various  substances  (Metastatin  (80  /xg/egg)  or 
controls  consisting  of  PBS  or  heat-inactivated  Metastatin |.  Three  days  later 
(day  4),  the  chorioallantoic  membranes  and  associated  discs  were  cut  out  and 
immediately  immersed  in  3.7%  formaldehyde.  For  computer-assisted  image 
analysis,  the  discs  were  divided  into  quarters  with  fine  wires,  and  the  blood 
vessels  in  each  quarter  were  digitally  photographed  and  analv/ed  by  an 
Optimas  5  program  to  calculate  the  vessel  area  and  length  normalized  to  the 
total  area  measured.  The  means  and  the  SEs  were  calculated  from  all  quadrants 
within  each  group,  and  the  statistical  significance  was  determined  by  Student's 
t  test.  Twelve  or  more  eggs  were  used  for  each  sample  point. 

For  the  growth  of  xenografts  on  the  chorioallantoic  membrane,  holes  were 
cut  into  the  sides  of  1 0-day-old  eggs  exposing  the  membrane  (day  Of  and  then 
1  X  106  B  16BL6  or  TSU  cells  were  applied  to  the  membranes.  Two  days  later, 
the  eggs  were  given  i.v.  injections  of  the  various  substances.  On  clay  7.  the 
tumor  masses  were  fixed  in  formalin,  dissected  tree  from  the  normal  mem¬ 
brane  tissue,  and  weighed. 

Cell  Growth  Assays.  To  determine  the  effects  of  Metastatin  on  coll 
growth,  the  cell  lines  were  subcultured  into  24-well  dishes  at  a  density  of 
approximately  5  X  IQ5  cells/well  for  the  endothelial  cell  lines  (HIJVFC. 
ABAE,  and  BREC')  and  5  X  I04  cells/well  for  tumor  cell  lines  (B I6BL6,  TSU. 
and  Lewis  lung  carcinoma).  For  the  dose-response  experiments,  the  medium 
was  changed  every  other  day,  and  at  the  end  of  6  days,  the  cells  were  released 
with  0.5  him  EDTA  in  PBS.  and  the  cell  number  was  determined  with  a  Coulter 
counter  (Hialeah.  FL). 

ELISA  Assay  for  Hyaluronan.  Cells  were  grown  to  confluence  in  24-well 
dishes,  and  the  conditioned  medium  was  collected,  incubated  with  a  biotin¬ 
ylated  version  of  the  Metastatin  (16),  and  then  transferred  to  plates  precoated 
with  hyaluronan  (umbilical  cord;  Sigma).  The  hyaluronan  present  in  the 
conditioned  medium  interacts  with  the  biotinylated  Metastatin  so  that  less  of  it 
will  be  left  to  bind  to  hyaluronan  attached  to  the  plate.  At  the  end  of  the 
incubation,  the  plates  were  washed,  and  the  amount  of  biotinylated  Metastatin 
remaining  attached  was  determined  by  incubating  the  plates  with  sireptavidin 
coupled  to  peroxidase  (Kirkcgard  &  Perry,  Gaithersburg,  MD)  followed  by  a 
soluble  substrate  for  peroxidase.  The  amount  of  hyaluronan  in  the  conditioned 
medium  was  calculated  by  comparison  with  a  standard  curve  with  known 
amounts  of  hyaluronan  (16). 
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Wound  Migration  Assay.  A  suspension  of  HUVECs  (5  X  I05  cells  in  5  ml 
of  98%  Ml 99  and  2%  fetal  bovine  serum)  was  added  to  60-mm  tissue  culture 
plates  that  had  been  precoated  with  gelatin  (2  ml  of  1.5%  gelatin  in  PBS,  37°C. 
overnight)  and  allowed  to  grow  for  3  days  to  confluence.  An  artificial  “L”- 
shaped  wound  was  generated  in  the  confluent  monolayer  with  a  sterile  razor 
blade  by  moving  the  blade  down  and  across  the  plate.  Plates  were  then  washed 
with  PBS,  and  2  ml  of  PBS  were  added  to  each  plate  along  with  2  ml  of  sample 
in  Ml 99  and  2%  fetal  bovine  serum  in  the  presence  and  absence  of  5  ng/ml 
bFGF.  After  an  overnight  incubation,  the  plates  were  treated  with  Diff-Quik 
for  2  min  to  fix  and  stain  the  cells.  The  number  of  cells  that  migrated  were 
counted  under  X200  magnification  using  a  10-mm  micrometer  over  a  I  cm 
distance  along  the  wound  edge.  Ten  fields  for  each  plate  were  counted,  and  an 
average  for  the  duplicate  was  calculated. 

RESULTS 

Characterization  of  Metastatin.  Metastatin  was  isolated  from 
bovine  nasal  cartilage  by  affinity  chromatography  on  hyaluronan- 
Sepharose.  As  shown  in  Fig.  1,  Metastatin  consisted  of  two  molecular 
factions  as  determined  by  SDS-PAGE,  a  sharp  band  at  38  kDa  that 
corresponds  to  the  link  protein,  and  a  diffuse  band  at  approximately  85 
kDa  that  represents  a  tryptic  fragment  of  the  aggrecan  core  protein  (5, 
15,  16).  The  diffuse  nature  of  this  latter  fraction  is  probably  due  to 
variations  in  the  degree  of  glycosylation  and  glycosaminoglycan 
content.  The  identity  of  the  link  protein  was  verified  by  immunoblot- 
ling  with  a  specific  monoclonal  antibody  against  this  protein  (Fig.  1). 
In  addition,  NH2-terminal  sequence  analysis  of  the  38-kDa  band 
revealed  that  the  purified  proiein  was  missing  the  first  24  amino  acids. 
Previous  studies  have  shown  that  this  complex  binds  to  hyaluronan 
with  high  affinity  and  specificity  (5,  16).  Indeed,  a  biotinylated 
version  of  the  preparation  has  been  widely  used  as  a  histochemical 
stain  to  localize  hyaluronan  in  tissue  sections  (5,  16). 

Because  cartilage  is  known  to  contain  various  protease  inhibitors, 
which  may  contribute  to  its  antitumor  properties  (18),  we  wanted  to 
determine  whether  Metastatin  possessed  such  attributes.  For  this  rea¬ 
son,  we  used  a  chromogenic  assay  (Diapharma  Group,  Inc.,  West 
Chester,  OH)  to  assess  the  effect  of  Metastatin  on  the  following 
enzymes:  (a)  trypsin;  ( b )  chymotrypsin;  (c)  plasmin;  and  ( d )  elastase. 
At  concentrations  us  high  as  100  jwg/ml.  Metastatin  did  not  inhibit  the 
activity  of  any  of  the  enzymes  tested  (data  not  shown). 

Effect  of  Metastatin  on  Metastatic  Tumors.  In  initial  experi¬ 
ments,  we  found  that  Metastatin  was  effective  at  inhibiting  pulmonary 
metaslascs  of  B  I6BL6  cells.  When  mice  were  given  daily  i.p.  injec¬ 
tions  of  Metastatin  3  days  after  tumor  inoculation,  lung  metastases 
were  strikingly  reduced  (Fig.  2A).  Fig.  2 B  shows  that  the  number  of 
surface  lung  metastases  (>0.5  mm)  in  the  mice  treated  with  15  and  49 
/xg  Metastatin/d  ay  were  reduced  by  more  than  80%.  The  dose- 
response  curve  shown  in  Fig.  2C  was  constructed  from  two  independ¬ 
ent  experiments  and  shows  that  Metastatin  decreased  the  number  of 
metastatic  colonies  in  a  dose-dependent  manner  with  an  ED^0  of 
approximately  10  fxg  (0.4  mg/kg).  Significantly,  when  Metastatin 
preparations  were  premixed  with  rnacromolecular  hyaluronan,  the 
antimetastatic  activity  was  blocked,  and  the  mean  number  of  surface 
pulmonary  metastases  was  comparable  to  that  seen  in  control  mice 
(Fig.  2 B).  This  suggests  that  the  ability  of  Metastatin  to  bind  hyalu¬ 
ronan  is  required  for  its  anti-tumor  activity. 

Similar  results  were  obtained  with  the  Lewis  Lung  carcinoma  cell 
line,  which  is  a  more  aggressive  mouse  tumor  model.  As  shown  in 
Fig.  3.  A  and  B ,  Metastatin  inhibited  pulmonary  metastasis  of  Lewis 
lung  carcinoma  cells  in  a  dose-related  fashion,  as  reflected  in  the 
weight  gain  of  the  lungs.  Furthermore,  Metastatin  was  effective  when 
given  by  two  different  routes,  i.p.  and  i.v.  (Fig.  3,  B  and  C). 
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Fig.  2.  Effect  of  Metastatin  on  B I6BL6  melanoma  metastasis.  B 16BL6  melanoma  cells 
were  injected  into  the  tail  veins  of  C57BI/6  mice,  and  3  days  later,  the  mice  were  injected 
i.p.  with  increasing  doses  of  Metastatin.  After  14  days,  the  lungs  were  removed,  and 
surface  pulmonary  metastases  were  counted.  .\,  the  lungs  from  control  animals  had  a 
greater  number  of  metastases  than  those  from  the  Metastatin  (4d  /ag)-treated  animals,  ft, 
the  number  of  pulmonary  metastases  larger  than  0.5  mm  is  plotted  against  the  concen¬ 
tration  of  Metastatin  injected.  Metastatin  inhibits  the  number  of  metastases,  and  the 
addition  of  hyaluronan  to  Metastatin  blocked  its  inhibitory  activity.  The  values  shown  arc 
ihe  mean  of  at  least  five  mice/group;  bars,  SD.  C,  this  dose-response  curve  was  derived 
from  two  independent  experiments  (/?  =  5  for  each  point)  and  shows  the  ratio  of 
pulmonary  metastasis  in  the  test  and  control  animals  (T/C)  as  a  function  of  the  Metastatin 
dose. 


Effect  of  Metastatin  on  in  Vitro  Cell  Proliferation  and  Migra¬ 
tion.  In  the  next  series  of  experiments,  we  wanted  to  determine 
whether  Metastatin  has  any  effect  on  the  growth  of  either  endothelial 
or  tumor  cells  in  tissue  culture.  For  these  experiments,  the  cells  were 
grown  in  the  presence  of  varying  concentrations  of  Metastatin  for  6 
days,  and  then  the  final  cell  numbers  were  determined.  Metastatin 
inhibited  the  proliferation  of  the  endothelial  cell  lines  HUVEC, 
ABAE,  and  BREC  (Fig.  4 A)  and  two  of  the  tumor  cell  lines  (B 16BL6 
and  Lewis  lung  carcinoma  cells)  but  had  no  effect  on  the  TSU  cells 
(Fig.  4 B).  Similar  results  were  obtained  when  proliferation  was  mon¬ 
itored  by  incorporation  of  bromodeoxyuridine  (data  not  shown).  It  is 
important  to  note  that  the  growth  inhibition  of  B16BL6  cells  was 
partially  blocked  when  the  preparation  of  Metastatin  was  premixed 
with  an  excess  of  hyaluronan  (Fig.  45). 

One  possible  explanation  for  the  lack  of  TSU  cell  sensitivity  to 
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migration  of  HUVECs  using  the  wound  migration  assay.  Fig.  5  shows 
that  at  a  concentration  of  10  /xg/ml.  Metastatin  inhibited  the  migration 
of  HUVECs  by  50%  as  compared  with  controls  treated  with  bFCJF 
alone.  Again,  similar  results  were  obtained  when  migration  was 
monitored  using  Nucleopore  filters  (data  not  shown). 

Effect  of  Metastatin  on  VEGF-indueed  Angiogenesis.  The  fact 
that  Metastatin  could  inhibit  both  the  growth  and  migration  of  endo¬ 
thelial  cells  in  vitro  suggested  that  it  might  also  be  able  to  block 
angiogenesis  in  vivo.  To  test  this  possibility,  we  examined  the  effect 
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Fig.  3.  Inhibition  of  pulmonary  metastasis  of  Lewis  lung  carcinoma  cells.  Lewis  lung 
carcinoma  cells  were  injected  into  the  tail  veins  of  C57BI/6  mice,  and  3  days  later,  mice 
were  treated  with  PBS  or  Metastaiin.  Once  the  treatment  was  stopped,  animals  were 
euthanized,  and  lungs  were  removed  and  weighed.  A ,  shows  representative  lungs  from 
control  and  treated  animals  and  illustrates  that  Metastaiin  lowers  the  tumor  burden.  B . 
Metaslat  in  injected  i.p.  daily  beginning  on  day  4  decreased  the  relative  lung  weights  in  a 
dose -dependent  fashion.  C\  the  weight  of  the  lungs  in  animals  was  also  decreased  when 
Metastaiin  was  administered  by  three  separate  i.v.  injections  (100  /mg/injection  on  days  1. 
3.  and  5).  The  values  shown  are  the  mean  of  at  least  live  mice/group:  bars ,  SD. 


Metastatin  could  be  the  amount  of  hyaluronan  that  they  secrete 
because  it  has  an  inhibitory  effect.  To  test  this  possibility,  conditioned 
media  from  confluent  cultures  of  the  different  cell  lines  were  collected 
and  analyzed  for  hyaluronan  by  a  modified  ELISA.  TSU  cells  were 
found  to  secrete  significantly  larger  amounts  of  hyaluronan  into  the 
medium  than  the  other  cell  lines  (7  fxgi ml  versus  <0.5  jtug/ml,  respec¬ 
tively).  Indeed,  this  level  of  hyaluronan  would  be  sufficient  to  block 
the  effects  of  added  Metastatin. 

We  also  examined  the  effects  of  Metastatin  on  the  migration  of 
endothelial  cells,  another  important  factor  in  the  process  of  angiogen¬ 
esis  (19).  In  this  assay,  we  examined  the  effect  of  Metastatin  on  the 
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Fig.  4.  The  effects  of  varying  concentrations  of  Metastaiin  on  the  growth  of  cultured 
cells.  The  cell  lines  were  cultured  in  24-well  dishes  in  complete  medium  containing  the 
indicated  amounts  of  Mclastatin,  with  medium  changes  ever  other  day  After  6  days,  the 
cells  were  harvested  with  a  solution  of  FDTA  in  PBS,  and  the  cell  numbers  were 
determined  w  ith  a  Coulter  counter.  A,  a  dose-response  curve  is  shown  for  the  effects  of 
Metastatin  on  the  grow  th  of  the  endothelial  cell  lines  HUVEC,  ARAL,  and  BRI  O.  In  each 
ease,  the  growth  of  the  cells  was  inhibited  by  Mclastatin.  B.  a  dose-response  plot  is  shown 
for  the  tumor  cell  lines  B 1 6BL6  and  TSU.  Whereas  Metastatin  inhibited  the  growth  of  the 
BI6BL6  cells,  it  had  little  or  no  effect  on  the  TSU  cells.  The  addition  of  an  equal  mass 
of  hyaluronan  to  the  Metastatin  significantly  reduced  its  effect  on  the  proliferation  of 
BI6BL6  cells 


Metastatin  -  -  lOpg/ml  5  pg/ml  0.5  pg/m! 

Fig.  5.  Dose-dependent  inhibitory  effect  of  Metastaiin  on  the  migration  of  endothelial 
cells.  HUVECs  were  grown  to  confluence  on  gelatin-coated  culture  plates,  wounded  with 
a  stenle  razor  blade,  and  induced  to  migrate  with  bFGI  in  the  presence  of  varying  amounts 
of  Metastatin.  The  number  of  cells  that  migrated  were  enumerated  using  a  micrometer  and 
microscope  at  X200  magnification. 
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Fig.  6.  Effect  of  Meiastalin  on  VHGF-incluced  angiogenesis.  The  top  of  air  sacs  of 
tO-day-old  chicken  eggs  were  opened,  exposing  the  chorioallantoic  membranes,  and  filter 
discs  containing  20  ng  of  VEGF  were  applied.  The  treated  group  was  then  injected  i.v. 
with  Metastatin  (80  /xg/egg).  and  the  control  group  did  not  receive  injections.  The 
chorioallantoic  membranes  and  associated  discs  were  cut  out  on  day  3  and  analyzed  by 
computer-assisted  image  analysis  as  described  in  "Materials  and  Methods".  Metastatin 
had  a  significant  inhibitory  effect  on  both  the  (A)  vessel  length  index  and  ( B )  vessel  area 
index. 


of  Metastatin  on  angiogenesis  induced  in  the  chick  chorioallantoic 
membrane.  In  this  assay,  filter  papers  containing  recombinant  human 
VEGF  were  placed  on  the  chorioallantoic  membrane  of  10-day-old 
eggs,  which  were  then  given  a  single  i.v.  injection  of  the  Metastatin  or 
control  preparations.  Three  days  later,  the  extent  of  vascularization  in 
the  region  of  the  filters  was  determined  by  computer-assisted  image 
analysis.  As  shown  in  Fig.  6,  treatment  with  Metastatin  reduced  both 
the  length  and  area  of  vessels  as  compared  with  the  control  group, 
suggesting  that  Metastatin  does  indeed  have  the  ability  to  block 
VEGF-induced  angiogenesis. 

Inhibition  of  Tumor  Growth  on  the  Chorioallantoic  Mem¬ 
brane.  To  further  explore  the  antitumor  activity  of  Metastatin,  we 
examined  its  effect  on  the  growth  of  B16BL6  and  TSU  cells  on  the 
chicken  chorioallantoic  membrane.  Tumor  cells  were  applied  to  the 
chorioallantoic  membranes  of  10-day-old  chicken  embryos  and  al¬ 
lowed  to  grow  for  1  week.  Pilot  experiments  revealed  that  after 
inoculation  with  JO6  cells,  the  take  rate  was  almost  100%  and  resulted 
in  xenografts  with  weights  from  50-150  mg  in  7  days.  However, 
when  the  inoculated  eggs  were  given  a  single  i.v.  injection  of  the 
Metastatin,  the  growth  of  the  B16BL6  and  TSU  xenografts  was 
greatly  inhibited  (Fig.  7).  Again,  this  inhibitory  effect  was  abolished 
if  the  preparation  of  Metastatin  was  heat  inactivated  or  preineubated 
with  its  ligand,  hyaluronan  (Fig.  IB).  It  is  important  to  note  that 
Metastatin  did  not  appear  to  adversely  affect  the  development  of  the 
chicken  embryos. 

DISCUSSION 

In  this  study  we  report  that  Metastatin,  a  cartilage-derived  hyalu- 
ronan-binding  complex  consisting  of  proteolytic  fragments  of  bovine 
link  protein  and  aggrecan,  is  able  to  block  the  growth  and  metastasis 
of  tumor  cells  under  the  following  conditions:  (a)  a  single  i.v,  injec¬ 
tion  of  Metastatin  into  the  chorioallantoic  membrane  of  chicken 


embryos  inhibited  the  growth  of  B  16BL6  mouse  melanoma  cells  and 
TSU  human  prostate  cancer  cells;  (/?)  multiple  i.p.  injections  of 
Metastatin  prevented  the  experimental  metastasis  of  B16BL6  and 
Lewis  lung  carcinoma  cells  to  the  lungs  of  mice;  and  (r)  three  i.v. 
injections  of  Metastatin  were  sufficient  to  inhibit  the  formation  of 
Lewis  lung  carcinoma  metastasis.  In  each  case,  Metastatin  did  not 
have  an  obvious  detrimental  effect  on  the  host  and  was  neutralized  by 
complexing  with  soluble  hyaluronan. 

Metastatin  is  a  member  of  a  family  of  hyaluronan-binding  proteins 
that  also  includes  CD44,  tumor  necrosis  factor-stimulated  gene  6 
(TSG-6),  versican,  neurocan,  and  brevican  (20).  Interestingly,  Met¬ 
astatin  is  similar  to  other  factors  that  influence  angiogenesis  in  that  it 
is  a  fragment  of  a  larger  complex.  For  example,  Angiostalin  is  a 
fragment  of  plasminogen,  Endostatin  represents  a  fragment  of  colla¬ 
gen  XVIII,  and  serpin  consists  of  a  fragment  of  antithrombin  (21-24). 
It  is  possible  that  the  production  of  the  peptide  fragments  is  part  of  a 
feedback  loop  important  in  the  down-regulation  of  angiogenesis. 

In  addition  to  Metastatin,  a  number  of  other  antiangiogcnic  factors 
have  been  isolated  from  cartilage.  Indeed,  cartilage  has  been  exten¬ 
sively  studied  as  a  source  of  molecules  that  could  account  for  its 
avascular  nature.  Langer  et  al.  (25)  first  reported  a  bovine  cartilage 
fraction  isolated  by  guanidine  extraction  and  purified  by  trypsin 
affinity  chromatography  that  inhibited  tumor-induced  vascular  prolif¬ 
eration.  In  addition,  Moses  et  al.  (26)  have  recently  isolated  Troponin 
I  from  veal  scapulae,  which  was  shown  to  have  antitumor  and  anti- 
angiogenic  properties.  Lee  and  Langer  (27)  have  described  a  guani¬ 
dine-extracted  factor  from  shark  cartilage  that  inhibited  angiogenesis 
and  suppressed  tumor  vascularization.  Similarly,  Moses  et  al.  (18) 
isolated  a  factor  from  cultures  of  scapular  chondrocytes  that  inhibited 
angiogenesis  in  the  chicken  chorioallantoic  membrane  and  appeared 
to  be  a  protease  inhibitor.  However,  it  is  likely  that  our  preparation  of 
Metastatin  acts  through  a  distinct  mechanism  because  it  has  no  de¬ 
tectable  antiprotease  activity  and  is  inhibited  by  the  addition  of 
hyaluronan.  It  is  tempting  to  speculate  that  Metastatin  may  contribute 
to  the  avascular  nature  of  cartilage.  Along  these  lines,  we  have 
previously  found  that  hypertrophic  chondrocytes  produce  large 
amounts  of  free  hyaluronan,  which  may  neutralize  the  effects  of 
Metastatin  in  this  region  and  thereby  allow  blood  vessels  to  invade 
(28). 

The  results  of  this  study  suggest  that  Metastatin  has  antiangiogcnic 
properties  as  demonstrated  by  its  ability  to  block  VEGF-induced 
formation  of  blood  vessels  in  the  chicken  chorioallantoic  membrane. 
The  antiangiogcnic  effect  of  Metastatin  was  also  consistent  with  our 
finding  that  it  blocked  both  the  proliferation  and  migration  of  cultured 
endothelial  cells.  Whereas  Metastatin  can  directly  attach  tumor  cells, 
we  believe  that  most  of  its  antitumor  activity  is  due  to  its  inhibition  of 
angiogenesis  because  after  its  injection,  the  first  cells  that  it  would 
encounter  are  the  endothelial  cells,  which  would  be  exposed  to  the 
highest  concentration.  In  addition,  this  anliangiogenic  mechanism  is 
suggested  by  the  fact  that  Metastatin  blocked  the  growth  of  TSU  cells 
in  vivo  ( Le on  the  chicken  chorioallantoic  membrane)  but  had  little 
or  no  effect  on  their  proliferation  in  vitro.  In  this  particular  ease,  it 
seems  likely  that  Metastatin  was  acting  indirectly  on  the  TSU  tumor 
cells  by  blocking  angiogenesis. 

In  other  cases,  the  antitumor  activity  of  Metastatin  may  be  due  to 
the  combined  action  of  direct  killing  of  the  tumor  cells  and  the 
inhibition  of  angiogenesis.  Indeed,  Metastatin  does  appear  to  partially 
inhibit  the  growth  of  B  I6BL6  in  tissue  culture,  and  it  could  presum¬ 
ably  have  a  similar  effect  in  vivo.  Because  many  blood  vessels  that  are 
associated  with  tumors  are  leaky  (29),  Metastatin  may  be  able  to 
escape  the  circulation  to  interact  directly  with  the  tumor  cells  and 
block  their  proliferation.  Along  these  lines,  a  recent  study  by  Maniotis 
et  al.  (30)  has  indicated  that  some  tumors  have  the  ability  to  form 
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Fig.  7.  Effect  of  Metastatin  on  the  growth  of  tumor  cells  on  the  chicken  chorioallantoic  membrane.  The  top  of  the  air  sacs  of  10  day -old  chicken  eggs  were  opened,  exposing  the 
chorioallantoic  membrane,  and  pellets  containing  B 16BL6  melanoma  or  TST  prostate  tumor  cells  were  placed  on  the  membrane.  On  day  3,  the  embryos  were  given  a  single  i.\ .  injection 
of  PBS  or  Metastatin  (80  /ag).  The  tumors  and  associated  chorioallantoic  membranes  were  removed  on  day  6  and  weighed.  A  and  C\  examples  of  the  B16BL6  and  TSl1  xenografts 
from  eggs  treated  with  PBS,  Metastatin,  or  heat-denatured  Metastatin.  B  and  D.  the  weights  of  B 16BL6  and  TSU  xenografts  from  eggs  treated  with  Metastatin  and  control  preparations 
are  shown. 


vasculature  independent  of  endothelial  cells.  The  tumor  cells  them¬ 
selves  appear  to  take  on  the  characteristics  of  endothelial  cells  and  are 
responsible  for  the  formation  of  blood  vessels.  It  is  possible  that  such 
dual-acting  tumor  cells  could  also  respond  to  Metastatin. 

The  biological  effects  of  Metastatin  appear  to  be  closely  linked  to 
its  ability  to  bind  hyaluronan.  If  the  preparation  of  Metastatin  was 
premixed  with  hyaluronan,  then  this  reversed  its  inhibitory  effects  on 
tumor  growth  in  vivo  and  in  vitro  and  its  effects  on  the  growth  and 
migration  of  cultured  endothelial  cells.  This  indirectly  suggests  that 
Metastatin  is  binding  to  hyaluronan  associated  with  the  target  cell.  In 
the  case  of  endothelial  cells,  particularly  high  levels  of  hyaluronan  are 
localized  to  the  tips  of  newly  forming  capillaries  in  the  chicken 
chorioallantoic  membrane  and  rabbit  cornea  (2,  3).  A  variety  of  other 
cell  types  show  a  similar  relationship  between  proliferation  and  the 
production  of  hyaluronan  (31-34).  Whereas  the  hyaluronan  present  on 
proliferating  tumor  and  endothelial  cells  could  interact  directly  with 
Metastatin  in  the  blood,  the  hyaluronan  in  other  locations  would  not 
be  exposed  to  high  concentrations  of  the  complex.  Most  normal  cells 
would  be  protected  by  the  fact  that  high  concentrations  of  hyaluronan 
are  present  in  connective  tissues  such  as  the  dermis,  lamina  propria, 
and  capsules  (5,  35.  36),  which  would  help  to  neutralize  the 
Metastatin  that  diffused  into  these  regions.  It  is  important  to  note 
that  under  normal  physiological  conditions,  hyaluronan  in  the 


blood  is  maintained  at  low  levels  by  the  liver  and  lymphatic  system 
(37,  38).  Thus,  the  circulating  Metastatin  should  retain  its  hyalu¬ 
ronan  binding  activity. 

Cell  surface  hyaluronan  may  serve  as  a  target  for  other  inhibitors  of 
angiogenesis  and  tumor  growth.  For  example,  Endostatin,  a  20-kDa 
fragment  of  the  COOH-terminal  of  collagen  XVIII  that  inhibits  an¬ 
giogenesis  (21, 22),  may  also  be  able  to  bind  hyaluronan.  as  suggested 
by  the  presence  of  specific  structural  motifs  (39).  Secondly,  a  soluble, 
recombinant  version  of  immunoglobulin  fused  with  CD44  that  binds 
to  hyaluronan  can  inhibit  the  growth  of  human  lymphoma  cells  that 
express  CD44  in  nude  mice  (40,  41).  TSG-6,  which  is  secreted  by  a 
variety  of  cells  after  stimulation  with  inflammatory  cytokines,  is  able 
to  both  bind  hyaluronan  and  block  tumor  cell  growth  (42).  In  each  of 
these  cases,  these  factors  may  be  interacting  with  hyaluronan  on  the 
surfaces  of  target  cells  to  exert  their  effects  on  angiogenesis  and  tumor 
growth. 

In  preliminary  studies,  we  have  found  that  Metastatin  induces 
apoptosis  in  the  target  cells.  However,  at  present,  the  mechanism  by 
which  Metastatin  is  able  to  do  this  is  unclear.  One  possibility  is  that 
after  Metastatin  has  bound  to  hyaluronan  on  the  cell  surface,  it  is  taken 
up  by  the  cells  into  lysosomes,  where  it  is  broken  down  into  smaller 
fragments  that  enter  the  cytoplasm  and  induce  apoptosis,  perhaps  by 
interacting  with  the  mitochondrial  membrane.  Alternatively.  Mel  a  s  la = 
1027 


METASTATIN:  A  H YALUR0NAN-B1NDINC  COMPLEX 


tin  could  be  interacting  directly  with  the  plasma  membrane  of  the 
target  cells,  causing  damage  that  in  turn  induces  the  apoptotic  cascade. 
Clearly,  future  experiments  will  be  directed  toward  elucidating  the 
mechanism  by  which  Metastatin  induces  apoptosis  in  the  target  cells. 

In  conclusion,  we  have  found  that  Metastatin  is  able  to  block  tumor 
growth  in  two  model  systems,  and  this  effect  depends  on  its  ability  to 
bind  hyaluronan.  Metastatin  appears  to  target  both  tumor  cells  and 
endothelial  cells  that  are  involved  in  neovascularization.  We  postulate 
that  during  angiogenesis,  the  endothelial  cells  up-regulate  their  syn¬ 
thesis  of  hyaluronan,  which  then  serves  as  a  target  for  the  injected 
Metastatin.  Thus.  Metastatin  may  represent  a  new  type  of  antitumor 
agent,  which  targets  cell  surface  hyaluronan. 
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Abstract 

Tachyplesin  is  an  antimicrobial  peptide  present  in  leukocytes  of  the 
horseshoe  crab  (Tachypleus  tridentatm ).  In  this  study,  a  synthetic 
tachyplesin  conjugated  to  the  integrin  homing  domain  RGD  was  tested  for 
antitumor  activity.  The  in  vitro  results  showed  that  RGD-tachyplesin 
inhibited  the  proliferation  of  both  cultured  tumor  and  endothelial  cells 
and  reduced  the  colony  formation  of  TSU  prostate  cancer  cells.  Staining 
with  fluorescent  probes  of  FITC-annexin  V,  JC-1,  YO-PRO-1,  and  FITC- 
dextran  indicated  that  RGD-tachyplesin  could  induce  apoptosis  in  both 
tumor  and  endothelial  cells.  Western  blotting  showed  that  treatment  of 
cells  with  RGD-tachyplesin  could  activate  caspase  9,  caspase  8,  and 
caspase  3  and  increase  the  expression  of  the  Fas  ligand,  Fas-associated 
death  domain,  caspase  7,  and  caspase  6,  suggesting  that  apoptotic  mole¬ 
cules  related  to  both  mitochondrial  and  Fas-dependent  pathways  are 
involved  in  the  induction  of  apoptosis.  The  in  vivo  studies  indicated  that 
the  RGD-tachyplesin  could  inhibit  the  growth  of  tumors  on  the  cho¬ 
rioallantoic  membranes  of  chicken  embryos  and  in  syngenic  mice. 

Introduction 

Tachyplesin,  a  peptide  from  hemocytes  of  the  horseshoe  crab 
( Tachypleus  tridentatus ),  can  rapidly  inhibit  the  growth  of  both  Gram¬ 
negative  and  -positive  bacteria  at  extremely  low  concentrations  (1,2). 
Tachyplesin  has  a  unique  structure,  consisting  of  17  amino  acids 
(KWCFRVCYRGICYRRCR)  with  a  molecular  weight  of  2,269  and  a 
pi  of  9.93.  In  addition,  it  contains  two  disulfide  linkages,  which  causes 
all  six  of  the  basic  amino  acids  (R,  arginine;  K,  lysine)  to  be  exposed 
on  its  surface  (3).  The  cationic  nature  of  tachyplesin  allows  it  to 
interact  with  anionic  phospholipids  present  in  the  bacterial  membrane 
and  thereby  disrupt  membrane  function  (4,  5). 

The  structural  nature  of  tachyplesin  suggested  that  it  might  also 
possess  antitumor  properties.  Tachyplesin  can  interact  with  the  neutral 
lipids  in  the  plasma  membrane  of  eukaryotic  cells  (4,  5).  More 
importantly,  because  it  can  interact  with  the  membranes  of  prokary¬ 
otic  cells,  it  is  likely  that  tachyplesin  can  also  interact  with  the 
mitochondrial  membrane  of  eukaryotic  cells.  Indeed,  these  mem¬ 
branes  are  structurally  similar  because  mitochondria  are  widely  be¬ 
lieved  to  have  evolved  from  prokaryotic  cells  that  have  established  a 
symbiotic  relationship  with  the  primitive  eukaryotic  cell  (6).  Recent 
studies  have  indicated  that  mitochondria  play  a  critical  role  in  regu¬ 
lating  apoptosis  in  eukaryotic  cells  (7).  The  disruption  of  mitochon¬ 
drial  function  results  in  the  release  of  proteins  that  normally  are 
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sequestered  by  this  organelle.  The  release  of  factors,  such  as  cyto¬ 
chrome  c  and  Same,  can  activate  caspases  that,  in  turn,  trigger  the 
apoptotic  cascade  (8,  9).  Along  these  lines,  Ellerby  et  al.  (10)  have 
found  that  a  cationic  antimicrobial  peptide  (KLAKLAKKLAKLAK) 
conjugated  with  a  CNGRC  homing  domain  exhibits  antitumor  activity 
through  its  ability  to  target  mitochondria  and  trigger  apoptosis.  Be¬ 
cause  the  proapoptotic  peptide  and  tachyplesin  belong  to  the  same 
category  of  cationic  antimicrobial  peptide,  it  seems  possible  that 
tachyplesin  could  have  similar  antitumor  activity. 

To  explore  this  possibility,  we  have  examined  a  chemically  syn¬ 
thesized  preparation  of  tachyplesin  that  was  linked  to  a  RGD  se¬ 
quence,  which  corresponds  to  a  homing  domain  that  allows  it  to  bind 
to  integrins  on  both  tumor  and  endothelial  cells  and  thereby  facilitates 
internalization  of  the  peptide  (II,  12).  We  found  that  this  synthetic 
RGD-tachyplesin  could  inhibit  the  proliferation  of  TSU  prostate  can¬ 
cer  cells  and  B16  melanoma  cells  as  well  as  endothelial  cells  in  a 
dose-dependent  manner  in  vitro  and  reduce  tumor  growth  in  vivo. 

Materials  and  Methods 

Synthesis  of  RGD-Tachyplesin.  Two  peptides  were  chemically  synthe¬ 
sized.  The  test  peptide  was  RGD-tachyplesin  (CRGDCGGKWCFRVCYRGI- 
CYRRCR),  and  the  control  peptide  was  a  scrambled  sequence  wilh  a  similar 
molecular  weight  and  pi.  To  impede  enzymatic  degradation,  the  NH  .-terminal 
of  the  peptide  was  acetylated,  and  the  COOH-tenminal  was  amidated.  Before 
use,  the  peptides  were  dissolved  in  dimethylformamide  and  1  %  acetate  acid, 
diluted  with  saline  to  a  concentration  of  I  mg/ml.  and  sterilized  by  boiling  for 
15  min  in  a  water  bath. 

Cell  Lines.  The  TSU  human  prostate  cancer  cells,  B16  melanoma,  Cos-7, 
and  NIH-3T3  were  maintained  in  10%  calf  serum  and  90%  DMEM.  The 
human  umbilical  vein  endothelial  cells  and  ABAE3  cells  were  cultured  in  20% 
fetal  bovine  serum  and  80%  DMEM  containing  10  ng/ml  fibroblast  growth 
factor  2  and  vascular  endothelial  growth  factor,  respectively. 

Cell  Proliferation  Assay.  Aliquots  of  complete  medium  containing  5000 
cells  were  distributed  into  a  96-well  tissue  culture  plate.  The  next  day,  the 
media  were  replaced  with  160  /xl  of  fresh  media  and  40  fri  of  a  solution 
containing  different  concentrations  of  the  peptides.  One  day  later,  30  p. l  of  0.3 
/.iCi  of  |  ^HRhymidine  in  serum-free  media  were  added  to  each  well,  and  after 
8  h,  the  cells  were  harvested,  and  the  amount  of  incorporated  pH]  thymidine 
was  determined  with  a  beta  counter. 

Colony  Formation  Assay.  TSU  ceils  (2  X  104)  were  suspended  in  1  ml  of 
0.36%  agarose  in  90%  DMEM  and  10%  calf  serum  containing  100  /u,g/ml 
control  peptide  or  RGD-tachyplesin  and  then  immediately  placed  on  the  top  of 
a  layer  of  0.6%  solid  agarose  in  10%  calf  serum  and  90%  DMEM  in  6-well 
plates.  Two  weeks  later,  the  number  of  colonies  larger  than  60  /xrn  in  diameter 
was  determined  using  an  Omnicon  Image  Analysis  system  (Imaging  Products 
International  Inc.,  Chantilly,  VA). 

Analysis  of  Tachyplesin-damaged  Cells  by  Flow  Cytometry.  Cultures  of 
TSU  cells  at  80%  confluence  were  treated  overnight  with  50  p.g/ml  control 
peptide  or  RGD-tachyplesin.  The  next  day,  the  cells  were  harvested  with  5  itim 
EDTA  in  PBS,  washed,  resuspended  in  10%  calf  serum  and  90%  DMEM.  and 
then  stained  with  the  fluorescent  dyes  annexin  V  and  propidium  iodide,  JC-I. 


’The  abbreviations  used  are:  ABAE.  adult  bovine  aorta  endothelial;  FADD,  Fas- 
associated  death  domain;  CAM,  chorioallantoic  membrane. 
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YO-PRO- 1.  and  FITC-dextran.  according  to  manufacturer’s  instructions  (Mo¬ 
lecular  Probes,  Eugene.  OR). 

Western  Blotting.  Cultures  ofTSU  and  ABAE  cells  at  approximately  80% 
confluence  were  treated  overnight  with  100  /xg/ml  peptides  and  then  harvested 
with  1  ml  of  lysis  buffer  (1%  Triton  X-100,  0.5%  sodium  deoxycholate,  0.5 
/xg/ml  ieupetin,  1  mM  EDTA,  1  /j.g/ml  pepstatin,  and  0.2  mM  phenylmetftyl- 
sulfonyl  fluoride).  The  protein  concentration  was  determined  by  the  BCA 
method  (Pierce,  Rockford  1L),  and  20  /xg  of  protein  lysate  were  loaded  onto 
4-12%  BT  NuPAGE  gel  (lnvitrogen,  Carlsbad  CA),  electrophoresed,  and 
transferred  to  a  nitrocellulose  membrane.  The  loading  and  transfer  of  equal 
amounts  of  protein  were  confirmed  by  staining  with  Ponceau  S  solution 
(Sigma,  St.  Louis,  MO).  The  membranes  were  blocked  with  5%  nonfat  milk 
and  1%  polyvinylpyrrolidone  in  PBS  for  30  min  and  then  incubated  for  l  h 
with  I  /xg/ml  antibodies  to  Fas  ligand,  FADD.  caspase  9,  caspase  8,  caspase  3, 
caspase  7,  and  caspase  6  (Oncogene,  Boston,  MA).  After  washing,  the  mem¬ 
brane  was  incubated  for  I  h  with  0.2  /xg/ml  of  peroxidase-labeled  antirabbit 
[gG  followed  by  a  chemiluminescent  substrate  for  peroxidase  and  exposed  to 
enhanced  chemiluminescence  Hyperfilm  MP  (Amersham,  Piscataway,  NJ). 

Effect  of  RGD-Tachj  plesin  on  TSU  Tumor  Growth  on  the  Chicken 
CAM.  TSU  cells  (2  X  I06)  were  mixed  with  equal  amounts  of  control  peptide 
or  RGD-tachyplesin  (100  /xg  in  200  /xl  of  saline)  and  immediately  placed  on 
top  of  the  CAMs  of  10-day-old  chicken  embryos  (15  eggs/group)  and  incu¬ 
bated  at  37.8°C.  Every  other  day  thereafter,  200  /xl  of  PBS  containing  100  /xg 
of  the  peptides  were  added  tropically  to  the  xenografts  on  the  CAMs.  Five  days 
later,  the  xenografts  were  dissected  from  the  membrane,  photographed,  and 
weighed. 

Effect  of  RGD-Tachyplesin  on  B16  Tumor  Growth  in  Mice.  B16  mel¬ 
anoma  cells  were  injected  s.c.  into  the  flank  of  5-week-old  male  C57BL/6  mice 
(5  x  10*  cells/sitc;  5  mice/group)  and  allowed  to  establish  themselves  for  2 
days.  Every  other  day  thereafter,  250  /xg  of  the  control  peptide  or  RGD- 
tachyplesin  was  injected  i.p.  into  the  mice.  At  the  end  of  2  weeks,  the  mice 
were  sacrificed,  and  the  tumor  xenografts  were  removed,  photographed,  and 
weighed. 

Statistical  Analysis.  The  mean  and  SE  were  calculated  from  the  raw  data 
and  then  subjected  to  Student’s  t  test.  P  <  0.05  was  regarded  as  statistical 
significance. 

Results 

RGD-Tachyplesin  Inhibits  the  Growth  of  Tumor  and  Endothe¬ 
lial  Cells  in  Vitro.  Because  both  tumor  and  endothelial  cells  play  an 
important  role  in  determining  tumor  progression,  we  initially  exam¬ 
ined  the  effects  of  RGD-tachyplesin  on  the  proliferation  of  both  of 
these  cells  in  vitro.  As  shown  in  Fig.  1  A,  RGD-tachyplesin  inhibited 
the  growth  of  the  cultured  cells  in  a  dose-dependent  manner,  with  an 
EC50  of  about  75  /xg/ml  for  TSU  tumor  cells  and  35  /xg/ml  for  the 
endothelial  cells.  In  contrast,  the  scrambled  peptide  had  no  obvious 
effect  on  the  proliferation  of  the  cells  at  100  /xg/ml.  This  effect  was 
also  reflected  in  the  morphology  of  the  cells.  After  exposure  to  50 
/xg/ml  RGD-tachyplesin  for  12  h,  a  significant  fraction  of  treated  cells 
had  become  rounded  and  detached,  whereas  few  cells  did  so  after 
treatment  with  the  control  peptide  (data  not  shown). 

To  determine  whether  nontumorigenic  cells  were  also  affected  by 
RGD-tachyplesin,  the  immortalized  cell  lines,  Cos-7  and  N1H-3T3, 
were  tested  in  the  [3H]  thymidine  incorporation  assay.  As  shown  in 
Fig.  1 B.  when  treated  with  50  /xg/ml  RGD-tachyplesin,  the  extent  of 
inhibition  of  Cos-7  or  NJH-3T3  (0-20%)  was  less  than  that  of  tumor 
or  proliferating  endothelial  cells  (40-75%),  indicating  that  nontu¬ 
morigenic  cells  are  less  sensitive  to  RGD-tachyplesin. 

Next,  we  examined  the  effects  of  the  peptides  on  the  growth  ofTSU 
cells  in  soft  agar.  The  ability  of  cells  to  grow  under  such  anchorage- 
independent  conditions  is  one  of  the  characteristic  phenotypes  of 
aggressive  tumor  cells.  As  shown  in  Fig.  1C,  RGD-tachyplesin  inhib¬ 
ited  the  ability  of  TSU  cells  to  form  colonies  as  compared  to  the 
groups  of  control  peptide  and  vehicle  alone. 


Treatment  with  RGD-Tachyplesin  Alters  Membrane  Function. 

We  then  examined  the  mechanism  by  which  RGD-tachyplesin  inhib¬ 
ited  the  proliferation  of  the  tumor  and  endothelial  cells.  One  possi¬ 
bility  was  that  RGD-tachyplesin  damages  cell  membranes,  and  this 
damage,  in  turn,  induces  apoptosis. 

To  examine  the  extent  of  apoptosis,  TSU  cells  that  had  been  treated 
for  1  day  with  the  test  or  control  peptides  were  stained  with  FITC- 
annexin  and  propidium  iodide.  FITC-anncxin  V  binds  to  phospha- 
tidy lserine.  which  is  exposed  on  the  outer  leaflet  of  the  plasma 
membrane  of  cells  in  the  initial  stages  of  apoptosis,  whereas  pro¬ 
pidium  iodide  preferentially  stains  the  nucleus  of  dead  cells,  but  not 
living  cells.  Fig.  2 A  shows  that  treatment  with  RGD-tachyplesin 
induced  apoptosis  (annexin  V  positive,  propidium  iodide  negative)  in 
a  greater  number  of  cells  than  did  treatment  with  the  vehicle  or  control 
peptide. 

This  induction  of  apoptosis  could  have  been  due  to  the  disruption  of 
mitochondrial  function.  To  examine  this,  we  used  JC- 1  staining, 
which  measures  the  membrane  potential  of  mitochondria.  As  shown  in 
Fig.  2,  B  and  C,  treatment  with  RGD-tachyplesin  caused  a  shifl  in  the 
fluorescence  profile  from  one  that  was  highly  red  (Fig.  2 B)  to  one  that 
was  less  red  and  more  green  (Fig.  2C).  This  indicated  that  the 
membrane  potential  of  mitochondria  was  changed  by  treatment  with 
RGD-tachyplesin. 

We  also  examined  the  integrity  of  the  plasma  membrane  and 
nuclear  membrane  after  treatment  with  the  scrambled  peptide  and 
RGD-tachyplesin  using  two  different  fluorescent  markers.  YO-PRO- 1 
dye  can  only  stain  the  nuclei  of  cells  with  damaged  plasma  and 
nuclear  membranes.  Fig.  2D  shows  that  treatment  with  RGD- 
tachyplesin  allowed  the  YO-PRO- 1  dye  to  pass  into  the  nuclei,  caus¬ 
ing  an  increase  in  the  fluorescence  intensity.  Similar  results  were 
obtained  when  the  cells  were  stained  with  FITC-dextran,  which  is  not 
taken  up  by  viable,  healthy  cells  but  can  pass  through  the  damaged 
plasma  membrane  of  unhealthy  cells.  Fig.  2 E  shows  that  cells  treated 
with  RGD-tachyplesin  took  up  a  greater  amount  of  FITC-dextran  (/V/r 
40,000)  than  did  those  treated  with  the  control  peptide.  These  results 
indicated  that  the  majority  of  RGD-tachyplesin-treated  cells  allowed 
these  big  molecules  to  pass  their  damaged  membranes. 

The  above-mentioned  experiments  were  also  carried  out  with 
ABAE  cells,  and  similar  results  were  obtained  (data  not  shown). 
Presumably,  RGD-tachyplesin  induces  apoptosis  in  both  TSU  and 
ABAE  cells  by  damaging  their  membranes. 

RGD-Tachyplesin  Triggers  Apoptotic  Pathways.  Apoptosis  can 
be  induced  by  two  mechanisms:  (a)  the  mitochondrial  pathway;  and 
(b)  the  death  receptor  pathway  (13).  To  identify  the  nature  of  the 
apoptotic  pathway  triggered  by  RGD-tachyplesin,  both  TSU  and 
ABAE  cells  were  treated  overnight  with  RGD-tachyplesin  and  control 
peptide  and  then  analyzed  by  Western  blotting  for  the  alterations  of 
molecules  involved  in  the  mitochondrial  and  Fas-dependent  pathways. 
Fig.  3  shows  that  treatment  of  both  TSU  tumor  cells  and  ABAE  cells 
with  RGD-tachyplesin  caused  the  cleavage  of  Mr  46,000  caspase  9 
into  subunits  of  Mr  35,000  and  10,000,  indicating  activation  of  the 
mitochondrial-related,  Fas-independent  pathway.  In  addition,  RGD- 
tachyplesin  treatment  could  up-regulate  the  expression  of  upstream 
molecules  in  the  Fas-dependent  pathway,  including  Fas  ligand  (Mr 
43,000),  FADD  (Mr  28,000),  and  activate  subunits  of  caspase  8  (A7r 
18,000),  Furthermore,  the  downstream  effectors,  such  as  caspase  3 
subunits  (Mr  20,000),  caspase  6  (Mc  40,000),  and  caspase  7  (Mr 
34,000),  were  also  up-regulated  by  RGD-tachyplesin.  These  results 
suggest  that  RGD-tachyplesin  induces  apoptosis  through  both  the 
mitochondrial-related,  Fas-independent  pathway  and  the  Fas-depen¬ 
dent  pathway.  However,  because  there  is  cross-talk  between  these  two 
pathways  (13),  we  do  not  have  enough  evidence  to  determine  which 
one  is  the  initiator. 
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Fig.  1.  Effects  of  RGD-tachyplesin  and  scrambled  peptide  on  cell  proliferation.  A .  effect  of  RGD-tachyplesin  on  cell  proliferation.  TSU  cells  were  treated  with  vehicle  alone,  100 
jLt-g/ml  control  peptide,  or  different  doses  of  RGD-tachyplesin  for  24  h,  followed  by  a  [3H]thymidine  incorporation  assay.  The  proliferation  of  both  the  tumor  and  endothelial  cells  was 
greatly  inhibited  by  RGD-tachyplesin  in  a  dose-dependent  manner  ( P  0.01).  fi,  effect  of  RGD-tachyplesin  on  different  cell  lines.  The  cells  were  treated  overnight  with  50  fig/ml 
control  peptide  or  RGD-tachyplesin  and  then  treated  with  [JH]thymidinc.  The  rate  of  inhibition  was  calculated  as  follow  s:  (1  -  cpm  of  cells  treated  with  RGD-tachyplesin/cpm  of  cells 
treated  with  control  peptide)  X  100%.  The  noniumorigenic  cell  lines  Cos-7  and  NIH-3T3  were  inhibited  to  a  lesser  degree  than  the  tumor  or  endothelial  cells  ( P  <  0.05).  C,  effect 
of  RGD-tachyplesin  on  colony  formation  of  TSU  cells.  TSU  cells  w'ere  suspended  in  0.36%  agarose  containing  100  g ig/inl  control  peptide  or  RGD-tachyplesin  and  then  placed  on  top 
of  0.6%  agarose.  Two  weeks  later,  colonies  larger  than  60  gun  were  counted  with  the  Omnicon  Image  Analysis  system.  The  colony  formation  of  TSU  cells  was  inhibited  by 
RGD-tachyplesin  ( P  <  0.01).  All  of  the  experiments  were  repeated  three  times,  and  similar  results  were  obtained. 


RGD-Tachyplesin  Inhibits  the  Growth  of  TSU  and  B16  Tumor 

in  Vivo.  In  the  final  series  of  experiments,  we  examined  the  in  vivo 
effects  of  RGD-tachypiesin  on  the  growth  of  TSU  or  B 16  tumor  cells 
in  CAM  (14)  or  mouse  models.  As  shown  in  Fig.  4,  the  TSU  tumor 
xenografts  growing  in  CAM  in  the  group  treated  with  RGD-tachyple¬ 
sin  (Fig.  4 B)  were  smaller  than  those  in  the  group  treated  with  control 
peptide  (Fig.  4 A).  In  addition,  the  average  weight  of  the  xenografts  in 
the  RGD-tachyplesin-treated  group  was  significantly  less  than  that  of 
xenografts  in  the  control  group  (Fig.  4 C).  Similarly,  in  the  B16  mouse 
model,  the  B16  tumor  xenografts  in  the  RGD-tachyplesin-treated 
group  (Fig.  4 E)  were  smaller  than  those  in  the  control  group  (Fig.  4D), 
and  this  difference  was  statistically  significant  (P  <  0.05;  Fig.  4 F).  It 
should  be  noted  that  RGD-tachyplesin  did  not  appear  to  be  toxic  to  the 
mice,  as  judged  by  their  weights  and  activity  at  the  end  of  the 
experiment.  Thus,  the  results  from  two  models  are  consistent  with 
each  other,  indicating  that  RGD-tachyplesin  can  inhibit  tumor  growth 
in  vivo. 


Discussion 

The  major  conclusion  of  this  study  is  that  RGD-tachyplesin  can 
inhibit  tumor  growth  by  inducing  apoptosis  in  the  tumor  cells  and  the 
associated  endothelial  cells.  This  conclusion  was  supported  by  the 
following  observations.  First,  RGD-tachyplesin  was  able  to  inhibit  the 
growth  of  TSU  tumor  cells  on  the  CAM  of  chicken  embryos  as  well 
as  the  growth  of  B16  tumor  cells  in  syngenic  mice.  Second,  RGD- 
tachyplesin  also  blocked  the  proliferation  of  both  tumor  and  endothe¬ 
lial  cells  in  culture  in  a  dose-dependent  fashion,  whereas  proliferation 
was  relatively  unaffected  in  nontumorigenic  cell  lines  Cos-7  and 
NIF1-3T3.  Third,  RGD-tachyplesin  induced  apoptosis  in  cultured  TSU 
cells,  as  indicated  by  staining  with  fluorescent  markers  for  apoptosis 
including  FITC-annexin  V,  which  detects  exposed  phosphatidyl- 
serine,  and  JC-l,  which  tracks  mitochondrial  membrane  potential. 
Finally,  RGD-tachyplesin  stimulated  the  activation  and  production  of 
several  molecules  in  the  apoptotic  cascade  in  both  TSU  and  endothe¬ 
lial  cells,  as  judged  by  Western  blotting. 
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at  a  concentration  that  inhibited  tumor  growth,  there  was  no  notable 
side  effects  on  either  the  chicken  embryos  or  mice  with  regard  to 
animal  body  weight  and  activity  at  the  end  of  each  experiment,  fn 
addition,  studies  on  cultured  cells  indicated  that  the  sensitivity  to 
RGD-tachyplesin  varied  depending  on  cell  type.  In  comparison  to 
tumor  cells  and  proliferating  endothelial  cells,  immortalized  cells  such 
as  Cos-7  (green  monkey  kidney  cells)  and  NIH-3T3  (fibroblast  cells) 
were  less  sensitive  to  RGD-tachyplesin.  Taken  together,  these  results 
suggest  that  RGD-tachyplesin  is  a  well-tolerated  peptide. 

RGD-tachyplesin  also  appears  to  be  more  potent  than  similar  cat¬ 
ionic  peptides.  The  unique  cyclic  structure  of  tachyplesin  maintained 
by  two  disulfide  bonds  may  make  it  more  effective  in  targeting 
membranes  than  the  linear  antimicrobial  peptides,  such  as  KLAK- 
LAKKLAKLAK  (a  proapoptotic  peptide;  Ref.  10),  which  is  sug¬ 
gested  by  its  lower  minimal  inhibition  concentration  on  both  Esche¬ 
richia  coli  and  Staphylococcus  aureus  of  2  versus  6  /ulm  (18,  19). 
Furthermore,  tachyplesin  interacts  not  only  with  anionic  phospholip¬ 
ids  of  bacterial  and  mitochondria  but  also  with  neutral  lipids  of 
eukaryotic  plasma  membrane  (4,  5,  18).  Ellerby  et  ai  (10)  reported 
that  their  proapoptotic  peptide  inhibited  proliferation  with  an  EC5f)  of 
about  100  pig/ml  for  endothelial  cells,  whereas  our  results  indicated 
that  RGD-tachyplesin  had  a  much  stronger  efficacy  on  proliferating 


Fig.  2.  The  effect  of  RGD-tachyplesin  on  the  function  of  TSU  cells.  TSU  cells  were 
treated  overnight  with  50  /xg/ml  control  peptide  or  RGD-tachyplesin  and  then  stained  with 
different  membrane  probes.  A,  staining  with  annexin  V  and  propidium  iodide  forapoptolic 
cells.  The  percentage  of  cells  that  were  positive  for  FITC-annexin  V  and  negative  for 
propidium  iodide  was  analyzed  by  flow  cytometry.  The  RGD-tachyplesin -treated  cells  had 
a  high  percentage  of  apoptotic  cells  ( P  -  0.01).  B  and  C.  staining  with  JC-I  for 

mitochondrial  membrane  potential.  The  cells  treated  with  the  control  peptide  ( B )  and 
RGD-tachyplesin  (C)  were  stained  with  10  /xg/ ml  JC-1  for  10  min  and  then  analyzed  by 
flow  cytometry.  The  RGD-tachyplesin  shifted  the  spectrum  of  the  cells  from  high  red  ( B , 
healthy)  to  high  green  and  low  red  (C,  loss  mitochondrial  potential).  D.  staining  with 
YO-PRO-I  for  integrity  of  nuclei  membrane.  The  peptide-treated  cells  were  stained  with 
0.1  /xg/ml  YO-PRO-1  dye.  an  indicator  for  damaged  nuclei  membranes  (the  first  peak 
represents  the  dye-stained  G0-G, -phase  cells;  the  second  peak  represents  the  dye-stained 
S-M-phase  cells).  The  RGD-tachyplesin  treated  cells  shift  from  right  to  left,  indicating  the 
loss  of  integrity  of  the  nuclei  membrane.  E,  staining  with  FlTC-dcxtran  for  integrity  of 
plasma  membrane.  The  peptide-treated  cells  were  incubated  with  50  /xg/ml  FlTC-dcxtran 
(/V/r  40,000)  for  30  min  and  analyzed  with  flow  cytometry.  A  higher  proportion  of 
RGD-tachyplesin-treated  cells  allowed  FITC-dextran  to  pass  through  their  plasma  mem¬ 
brane  as  compared  to  the  control. 


Our  results  also  suggest  that  RGD-tachyplesin  up-regulates  apo¬ 
ptosis  related  to  both  the  mitochondrial  and  the  death  receptor  path¬ 
ways.  The  involvement  of  the  mitochondrial  pathway  was  suggested 
by  the  facts  that  staining  with  JC-l  indicated  the  membrane  potential 
of  mitochondria  was  decreased  (Fig.  2,  B  and  C)  and  that  the  caspase 
9  was  activated  (Fig.  3)  in  cells  treated  with  RGD-tachyplesin.  Pre¬ 
sumably,  this  resulted  from  the  release  of  cytochrome  c,  which,  in 
turn,  bound  to  Apaf-1  and  activated  caspase  9  and  then  caspase  3, 
caspase  7,  and  caspase  6(13,  1 5- 1 7).  This  is  the  mechanism  by  which 
the  peptide  described  by  Ellerby  et  al.  (10)  induced  apoptosis.  In 
addition,  we  found  that  members  of  the  death  receptor  pathway  (Fas 
ligand,  FADD,  and  caspase  8)  were  also  up-regulated.  Thus,  RGD- 
tachyplesin  may  have  multiple  effects  on  the  target  cells.  It  is  difficult 
at  this  point  to  determine  what  initial  event  is  responsible  for  the 
RGD-tachyplesin-induced  activation  of  apoptosis. 

There  appears  to  be  considerable  cross-talk  between  the  mitochon¬ 
drial  apoptotic  pathway  and  Fas-dependent  pathway.  The  caspase  6 
activated  by  the  mitochondrial  pathway  (cytochrome  c^Apaf- 
1— ^caspase  9— ^caspase  3)  could  act  on  FADD  and  then  on  caspase-8, 
which  triggered  the  Fas-dependent  pathway.  On  the  other  hand,  the 
caspase  8-activated  Fas-FADD  pathway  could  act  on  BID  that  stim¬ 
ulates  the  mitochondrial  pathway  (15-17).  This  cross-talk  creates 
positive  feedback  and  enhances  the  apoptosis  cascade. 

RDG-tachyplesin  also  appeared  to  be  relatively  nontoxic  to  cells 
not  associated  with  tumors.  When  RGD-tachyplesin  was  administered 
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Fig.  3.  Effect  of  RGD-tachyplesin  on  molecules  involved  in  the  apoptosis  cascade. 
Twenty  /xg  of  lysate  from  TSU  and  ABAE  cells  treated  with  100  /xg/ml  control  peptide 
or  RGD-tachyplesin  were  loaded  onto  a  4-12$  BT  NuPAGE  gel.  clectrophoresed,  and 
transferred  to  a  nitrocellulose  membrane.  The  loading  and  transfer  of  equal  amounts  of 
protein  were  confirmed  by  staining  with  a  Ponceau  S  solution.  After  blocking  wiLh  5fT 
nonfat  milk,  the  membranes  were  incubated  for  1  h  with  I  /xg/ml  antibodies  to  caspase  9, 
Fas  ligand,  FADD,  caspase  8,  caspase  3,  caspase  7.  and  caspase  6  followed  by  horseradish 
peroxidase-conjugated  antirabbit  IgG  and  enhanced  chemiluminescence  substrate  and 
finally  exposed  to  Hyperfilm  MP. 
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Fig.  4.  Effect  of  RGD-lachyplesin  on  tumor  growth  in  vivo.  A-C,  effect  of  RGD- 
tachyplesin  on  the  TSU  xenografts  on  CAM.  TSU  cells  (2  X  106)  were  mixed  with  either 
control  peptide  or  RGD-tachyplesin  (100  jug)  and  immediately  placed  on  top  of  the  CAM 
of  1 0-day-old  chicken  embryos  and  incubated  at  37.8°C.  Every  other  day.  additional 
peptides  were  applied  tropically  to  the  TSU  xenografts.  Five  days  later,  the  xenografts 
were  removed  from  the  CAM,  photographed,  and  weighed.  The  TSU  xenografts  treated 
with  RGD-lachyplesin  were  significantly  smaller  than  those  treated  with  the  control 
pept  ide  (  P  0.0 1 ).  O-F,  effect  of  RGD-tachypIesin  on  tumor  growth  in  the  mouse  model. 
BIO  melanoma  cells  (5  X  10  s)  were  injected  s.c.  into  the  flank  of  C57BL/6  mice  and 
allowed  to  establish  themselves  for  2  days.  Every  other  day  after  that,  250  jug  of  control 
peptide  or  RGD-lachyplesin  were  injected  i.p.  into  the  mice.  At  the  end  of  2  weeks,  the 
mice  were  sacrificed,  and  the  xenografts  were  removed,  photographed,  and  weighed.  The 
B16  xenografts  from  animals  treated  with  RGD-tachyplesin  were  significantly  smaller 
than  those  from  animals  treated  with  the  control  peptide  (P  <  0.01). 


endothelial  cells,  with  an  EC50  of  about  35  \x g/ml.  Furthermore, 
RGD-tachyplesin  acts  not  only  on  proliferating  endothelial  cells  but 
also  on  tumor  cells.  This  dual  effect  of  RGD-tachyplesin  will  enhance 
its  antitumor  function. 

In  conclusion,  this  study  demonstrates  that  RGD-tachyplesin  can  be 
used  as  an  antitumor  agent.  By  disrupting  vital  membranes  and 
inducing  apoptosis,  it  inhibits  all  of  the  tumor  cells  tested.  Further 
study  of  RGD-tachyplesin  and  its  analogues  may  lead  to  finding  a  new 
category  of  antitumor  drug. 
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Abstract 

A  number  of  hyaluronan  (HA)  binding  proteins  such  as  soluble  CD44, 
receptor  for  hyaluronan-mediated  motility  (RHAMM),  and  metastatin 
inhibit  tumor  growth  and  metastasis.  To  determine  whether  the  HA 
binding  motif  is  the  element  responsible  for  the  antitumor  effect  of  this 
family  of  proteins,  we  examined  the  biological  activity  of  a  42-amino  acid 
peptide  (designated  as  BH-P)  that  contains  three  HA  binding  motifs 
[B(X7)B]  from  human  brain  HA  binding  protein.  In  initial  experiments 
with  cultured  cells,  we  found  that  synthetic  BH-P  inhibited  the  prolifer¬ 
ation  and  colony  formation  of  tumor  cells.  It  also  blocked  the  growth  of 
tumors  on  the  chorioallantoic  membranes  of  10-day  chicken  embryos.  In 
addition,  MDA-435  melanoma  cells  that  had  been  transfected  with  an 
expression  vector  for  BH-P  grew  at  a  slower  rate  in  nude  mice  than  the 
vector-alone  transfectants.  Final  studies  revealed  that  the  BH-P  could 
activate  caspase-8,  caspase-3,  and  poly(ADP-ribose)  polymerase  and  trig¬ 
ger  the  apoptosis  of  tumor  cells.  Taken  together,  these  results  suggest  that 
the  HA  binding  motif  that  is  present  in  HA  binding  proteins  may  be 
responsible  for  the  antitumor  effect  exerted  by  the  members  of  this  family. 

Introduction 

The  members  of  the  family  of  HA6  binding  proteins  (HABPs)  can 
be  divided  into  two  major  groups:  membrane-bound  forms,  such  as 
soluble  CD44  (1)  and  receptor  for  HA-mediated  motility  (2);  and 
extracellular  forms,  such  as  aggrecan  (3)  and  link  protein  (4).  These 
HABPs  have  been  implicated  in  a  number  of  cellular  functions  such 
as  migration,  adhesion  (5),  growth,  differentiation,  and  apoptosis 
(6-8).  Many  of  these  functions  are  important  in  tumor  progression  (6, 
9,  10). 

In  contrast  to  membrane-bound  HA  receptors,  the  truncated  soluble 
forms  of  HA  receptors  have  been  found  to  possess  antitumor  activity 
(11-13).  For  example,  a  soluble  recombinant  CD44  disrupted  the 
interaction  between  CD44  and  HA  and  inhibited  tumor  formation  and 
metastasis  (11,  12).  Similarly,  a  soluble  form  of  RHAMM  blocked  the 
ability  of  tumor  cells  to  form  lung  metastases  (13).  Importantly, 
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clinical  data  have  demonstrated  that  a  high  level  of  soluble  CD44  in 
the  serum  was  associated  with  a  favorable  clinical  outcome  in  ovarian 
cancer  (14).  Conversely,  low  serum  levels  of  soluble  CD44  variant  6 
were  associated  with  poor  prognosis  of  patients  with  pancreatic  car¬ 
cinoma  (15).  These  Findings  suggest  that  soluble  HA  receptors  shed 
from  tumor  cells  might  trigger  a  signaling  pathway  to  block  tumor  cell 
growth. 

In  addition,  the  extracellular  forms  of  HABPs  also  exhibit  antitu¬ 
mor  activity.  The  most  notable  example  is  cartilage,  which  contains 
particularly  large  amounts  of  HABPs  (16).  Because  cartilage  is  an 
avascular  tissue  and  relatively  tumor  resistant  (17),  thousands  of 
cancer  patients  have  taken  oral  preparations  of  cartilage  as  an  alter¬ 
native  medicine,  based  on  a  belief  that  it  contains  natural  antitumor 
substances.  Although  the  therapeutic  value  of  this  approach  is  still 
controversial  (18,  19),  in  some  patients,  cartilage  does  exhibit  an 
anticancer  activity  (20-23).  Indeed,  several  proteins  and  peptides 
isolated  from  cartilage  have  been  found  to  have  both  antitumor  and 
antiangiogenic  activity  (24-27).  Along  these  lines,  we  have  purified 
HABPs  from  bovine  cartilage  by  affinity  chromatography  and  found 
that  it  inhibits  tumor  growth  and  angiogenesis  (28). 

Because  several  different  members  of  the  HABP  family  have 
inhibitory  effects  on  tumor  growth,  metastasis,  and  angiogenesis 
(20-28),  it  is  possible  that  the  commonly  shared  HA  binding  motif 
B(X7)B  of  HABPs  is  responsible  for  these  effects.  B(X7)B  is  the 
minimal  amino  acid  composition  required  for  HA  binding  and  con¬ 
sists  of  two  basic  amino  acids  (either  arginine  or  lysine)  flanking  a 
sequence  of  seven  amino  acids  (29).  It  is  highly  conserved  in  members 
of  the  HABP  family,  and  each  member  contains  several  such  motifs. 
We  speculate  that  the  peptide  that  contains  HA  binding  motifs  might 
also  exert  antitumor  activity. 

To  test  this  hypothesis,  we  synthesized  or  expressed  BH-P  contain¬ 
ing  42  amino  acids  with  three  HA  binding  motifs  derived  from  human 
brain  HABP  and  examined  its  antitumor  activity  both  in  vitro  and  in 
vivo.  The  results  suggest  that  the  peptide  enriched  in  HA  binding 
motifs  possesses  an  antitumor  activity  that  may  be  mediated  by  the 
induction  of  apoptosis. 

Materials  and  Methods 

Synthesis  of  BH-P.  BH-P  (CNGRCGGRRAVLGSPRVKWTFLSRGRG- 
GRGVRVKVNEAYRFR)  contains  three  HA  binding  motifs  from  the  NH2 
terminus  of  the  human  brain  HABP  (GenBank  accession  number  AY007241). 
It  has  a  molecular  mass  of  4,736  and  an  isoelectric  point  of  12.01 .  The  control 
peptide  (control-P)  consists  of  the  same  amino  acids  with  a  scrambled  se¬ 
quence.  To  impede  enzymatic  degradation,  the  NH2  terminus  of  the  synthetic 
peptides  was  acetylated,  and  the  COOH  terminus  was  amidated.  Before  use, 
the  peptides  were  dissolved  in  dimethylformamide  and  1  %  acetate  acid,  diluted 
with  saline  to  a  concentration  of  1  mg/ml,  and  sterilized  by  boiling  for  15  min. 

HA  Binding  Assay.  Fifty  peg  of  BH-P  or  control-P  in  100  p,l  of  PBS  were 
mixed  with  20  /xl  of  [3H]HA  (5  X  105  cpm/p,g,  490  pi g/ml;  Ref.  30)  in  the 
presence  and  absence  of  50-fold  excess  of  cold  HA,  incubated  for  1  h.  and  then 
appLied  to  nitrocellulose  membranes  on  a  dot  blot  apparatus.  The  free  [3H]HA 
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was  washed  away  with  PBS,  and  each  dot  was  cut  out  individually  and  counted 
for  radioactivity. 

Cell  Proliferation  Assay.  Aliquots  of  complete  medium  containing  5,000 
MDA-435  melanoma  cells  were  distributed  into  a  96-well  tissue  culture  plate. 
On  the  following  day,  the  medium  in  each  well  was  replaced  with  160  /xl  of 
fresh  medium  and  40  /xl  of  solution  containing  different  concentrations  of  the 
peptides.  One  day  later,  0.3  /xCi  of  [3H]thymidine  in  30  /xl  of  serum-free 
medium  were  added  to  each  well.  After  8  h,  the  cells  were  harvested,  and  the 
amount  of  incorporated  [3H)thymidine  was  determined  with  a  beta  counter.  In 
some  cases,  200  /xg/ml  of  HA  (Lifecore,  Chaska,  MN),  20  units/ml  of  testic¬ 
ular  hyaluronidase  (H4272;  Sigma,  St.  Louis,  MO),  40  /xm  Z-VAD-FMK  (a 
pan-caspase  inhibitor),  or  20  /am  Z-VDVAD-FMK  (an  inhibitor  for  caspase-2, 
-3,  and  -7)  was  added  with  the  peptides  to  determine  whether  the  effects  of 
BH-P  could  be  blocked. 

Colony  Formation  Assay.  Twenty  thousand  MDA-435  cells  were  sus¬ 
pended  in  1  ml  of  0.36%  agarose  in  complete  medium  containing  100  /xg/ml 
(21  /am)  of  control-P  or  BH-P,  and  then  the  cells  were  placed  immediately  on 
the  top  layer  of  0.6%  solid  agarose  in  complete  medium  in  6-well  plates.  Two 
weeks  later,  the  number  of  colonies  >60  /Am  in  diameter  was  determined  using 
an  Omnicon  Image  Analysis  System  (Imaging  Products  International,  Inc., 
Chantilly,  VA). 

Tumor  Growth  on  the  Chicken  CAM.  Three  million  MDA-435  cells  or 
one  million  B16  melanoma  cells  were  placed  on  top  of  the  CAMs  of  10-day- 
old  chicken  embryos  (15  eggs/group)  and  incubated  at  37.8°C  for  2  days  to 
allow  the  tumors  to  become  established.  Then,  200  /Ag  of  control-P  or  BM  P  in 
200  /xl  of  PBS  were  either  i.v.  injected  into  the  CAMs  once  (in  the  B 16  model) 
or  tropically  administrated  onto  the  tumor  xenografts  (in  MDA-435  model)  on 
the  CAMs  on  a  daily  basis.  Five  days  later,  the  xenografts  were  dissected  from 
the  membrane,  photographed,  and  weighed. 

Construction  of  Expression  Vector  of  BH-P  and  Transfection  of  MDA- 
435  Cells.  The  BH-P  amino  acid  sequence  was  back-translated  into  a  cDNA 
sequence  (5'-TGC  AAC  GGT  CGT  TGC  GGT  GGT  CGT  CGT  GCT  GTT 
CTG  GGT  TCC  CCG  CGT  GTT  AAA  TGG  ACC  TTC  CTG  TCC  CGT  GGT 
CGT  GGT  GGT  CGT  GGT  GTT  CGT  GTT  AAA  GTT  AAC  GAA  GCT  TAC 
CGT  TTC  CGT  TAA-3')  using  the  GCG-Lite  -  Protein  Sequence  Analysis  of 
N1H  online  software.  Two  oligo  DNAs  of  either  forward  or  reverse  direction 
of  BH-P  cDNA  with  15-bp  overlap  were  synthesized,  annealed  to  each  other, 
and  extended  using  Pwo  DNA  polymerase  (Roche).  The  extended  full-length 
BH-P  DNA  was  used  as  template  for  its  amplification  using  PCR  and  two 
primers  from  each  end  of  BH-P  cDNA.  The  PCR  products  were  inserted  into 
the  pSecTag  vector,  which  has  a  cytomegalovirus  promoter  and  IgK  signal 
peptide  for  secretion  (Invitrogen,  Carlsbad,  CA).  The  correct  reading  frame  of 
BH-P  cDNA  in  the  pSecTag  vector  was  confirmed  by  DNA  sequencing.  The 
pSecTag-BH-P  or  vector  alone  was  transfected  into  MDA-435  cells  using  the 
calcium  precipitation  method.  The  control  or  BH-P  transfectants  that  survived 
in  800  /xg/ml  of  G418  and  were  positive  for  the  expression  of  BH-P,  as 
detected  by  RT-PCR,  were  pooled  and  expanded  for  further  in  vivo  studies. 

Tumor  Growth  in  Nude  Mice.  Transfected  MDA-435  cells  (3  X  106) 
were  injected  into  the  mammary  fat  pads  of  nude  mice.  The  size  of  the  tumor 
xenografts  was  measured  twice  a  week,  and  the  tumor  volumes  were  calculated 
from  the  following  formula:  (length  X  width2)/0.52.  Two  months  later,  the 
mice  were  sacrificed,  and  the  tumors  were  harvested  and  weighed.  The  tumor 
xenografts  formed  by  pSecTag-BH-P  transfected  cells  were  compared  with 
those  formed  by  the  cells  transfected  with  the  control  vector.  The  animal 
protocols  were  reviewed  and  approved  by  the  Animal  Care  and  Use  Committee 
of  Georgetown  University. 

Cell  Binding  Assay.  FITC-BH-P  (1  /xg/ml),  with  or  without  100-fold 
excess  BH-P,  was  added  to  MDA-435  cells  cultured  on  cover  slips  and 
incubated  at  4°C  for  30  min.  The  cells  were  washed  with  cold  PBS  and  fixed 
with  freshly  prepared,  buffered  4%  formaldehyde  and  then  examined  with  a 
con  focal  microscope. 

Cell  Surface  HA  Binding  Assay.  MDA-435  or  TSU  tumor  cells  were 
harvested  with  EDTA-PBS  and  pretreated  with  50  units/ml  of  testicular  hya¬ 
luronidase  at  37°C  for  30  min  and  then  mixed  with  FTTC-BH-P  (1  /xg/ml)  with 
or  without  a  100-fold  excess  of  HA  at  4°C  for  30  min.  The  binding  of 
FITC-BH-P  to  the  cell  surface  was  analyzed  by  flow  cytometry. 

FITC-Dextran  Staining.  To  determine  whether  BH-P  damaged  the  plasma 
membrane,  we  probed  the  cells  with  FITC-dextran.  MDA-435  cells  at  ~80% 
confluence  were  treated  with  100  /xg/ml  of  control-P  or  BH-P  overnight. 


harvested  with  5  mM  EDTA  in  PBS,  washed,  and  resuspended  in  10%  calf 
serum,  90%  DMEM  and  incubated  for  1  h  to  allow  the  cells  to  recover  from 
possible  damage  during  harvesting.  The  cells  were  then  treated  with  5  /xg/ml 
of  FITC-dextran  (Molecular  Probes,  Eugene,  OR)  for  10  min  at  room  temper¬ 
ature,  fixed  with  4%  paraformaldehyde,  and  subjected  to  flow  cytometry 
analysis. 

Western  Blotting.  Both  cultured  MDA-435  cells  and  tumor  xenografts 
formed  by  MDA-435  transfected  cells  were  analyzed  for  apoptosis-related 
molecules.  Cultures  of  MDA-435  cells  at  —80%  confluence  were  treated  with 
100  /xg/ml  of  either  control-P  or  BH-P  overnight  and  then  harvested  with  1.0 
ml  of  lysis  buffer  (1%  Triton  X-100,  0.5%  sodium  deoxycholate,  0  5  mg/ml 
leupeptin,  1  mM  EDTA,  1  mg/ml  pepstatin,  and  0.2  mM  phenyl  methyls  ulfonyl 
fluoride).  The  tumors  (25-30  mg)  formed  by  MDA-435  transfectants  in  nude 
mice  were  immersed  in  liquid  nitrogen,  homogenized,  and  lysed  in  1.0  ml  of 
lysis  buffer.  The  concentration  of  protein  in  cell  lysate  was  determined  with  the 
BCA  reagent  (Pierce,  Rockford,  1L),  and  20  /xg  of  protein  from  each  lysate 
were  loaded  onto  a  4-12%  BT  NuPAGE  gel,  electrophoresed,  and  transferred 
to  a  nitrocellulose  membrane.  The  membranes  were  blocked  with  5%  nonfat 
milk  in  PBS  for  30  min  and  then  incubated  for  l  h  with  1  /xg/ml  primary 
antibodies  against  caspase-8,  caspase-3,  PARP,  and  a-tubulin  and  followed  by 
peroxidase-labeled  secondary  antibodies  and  Super-signal  Western  reagents 
(Pierce). 

Detection  of  DNA  Fragmentation.  MDA-435  cells  and  TSU  human  blad¬ 
der  cancer  cells  were  cultured  with  either  100  /xg/ml  control-P  or  BH-P  for 
24  h,  harvested  with  10  mM  EDTA,  and  washed  once  with  PBS.  The  cell 
pellets  were  suspended  in  I  ml  of  buffer  (150  mM  NaCI,  50  mM  EDTA,  pH  8.0, 
1  %  SDS,  and  0.5  mg/ml  of  proteinase  K)  and  incubated  at  55°C  for  16  h.  After 
extraction  with  phenol  and  chloroform,  the  genomic  DNA  was  precipitated 
with  ethanol.  The  DNA  pellets  were  dissolved  in  100  /xl  of  TE  buffer  [10  mM 
Tris  (pH  8)-l  mM  EDTA],  and  then  15  /xl  of  samples  were  electrophoresed  in 
a  1 .5%  agarose  gel,  stained  with  ethidium  bromide,  and  photographed. 

Statistical  Analysis.  The  mean  and  SE  were  calculated  from  the  raw  data 
and  then  subjected  to  Student’s  /  test.  P  <  0.05  was  regarded  as  statistically 
significant. 

Results 

Synthetic  BH-P  Binds  to  HA.  In  initial  experiments,  we  tested  the 
synthetic  BH-P  for  its  ability  to  bind  to  HA.  As  shown  in  Fig.  1A, 
BH-P  had  significant  [3H]HA  binding  activity  that  could  be  blocked 
by  a  50-fold  excess  of  cold  HA.  In  contrast,  the  control-P  showed  little 
or  no  binding  to  [3H]HA,  indicating  that  the  binding  of  BH-P  to  HA 
was  specific. 

BH-P  Inhibits  the  Growth  of  Tumor  Cells  in  Vitro.  When  BH-P 
was  added  to  the  medium  of  cultured  MDA-435  cells  for  18-24  h,  it 
caused  the  cells  to  become  rounded  and  detached,  whereas  the  control 
peptide  had  no  such  effect  (data  not  shown).  To  quantitatively  meas¬ 
ure  the  extent  of  this  inhibitory  effect,  the  cells  were  subjected  to  a 
[3H]thymidine  incorporation  assay.  Figure  1 B  shows  that  the  prolif¬ 
eration  of  MDA-435  tumor  cells  was  inhibited  by  BH-P  in  a  dose- 
dependent  manner  with  an  EC50  of  ~  100  /xg/ml.  In  contrast,  control-P 
had  no  effect,  even  at  a  concentration  of  200  /xg/ml  (Fig.  1 B,  first 
column).  In  addition,  BH-P  also  inhibited  the  colony  formation  of 
these  tumor  cells  under  anchorage-independent  conditions  on  soft 
agar  (Fig.  1C). 

When  BH-P  was  tested  on  a  panel  of  cultured  cells,  its  effects 
varied  depending  on  the  cell  type.  BH-P  appeared  to  have  a  greater 
effect  on  tumor  cells  than  on  the  relatively  normal  cell  lines  Cos-7 
(green  monkey  kidney  cells)  and  NIH-3T3  (fibroblast  cells;  data  not 
shown). 

BH-P  Inhibits  Tumor  Growth  in  Vivo .  In  view  of  these  in  vitro 
results,  we  then  examined  the  effects  of  BH-P  in  vivo  in  two  different 
model  systems. 

In  the  first  model  system,  BH-P  was  directly  injected  into  a  vein  of 
chicken  embryo  CAMs  on  which  tumor  xenografts  were  growing.  As 
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Fig.  1.  Binding  of  BH-P  to  HA  and  the  inhibitory  effects  of  BH-P  on  the  growth  of  tumor  cells.  A,  binding  of  BH-P  to  HA.  Fifty  pig  of  BH-P  or  control-P  in  100  /xl  of  PBvS  were 
mixed  with  20  ^  1  of  pH]HA  without  or  with  a  50-fold  excess  of  cold  HA  for  1  h  and  then  were  transferred  to  a  nitrocellulose  membrane  on  a  dot  blot  apparatus.  After  washing,  the 
complex  of  [3H]HA  and  BH-P  that  had  bound  to  the  filter  was  counted  for  radioactivity.  BH-P  binds  to  [3H|HA,  which  could  be  abolished  by  an  excess  of  HA.  B,  BH-P  inhibited  the 
proliferation  of  MDA-435  tumor  cells  in  a  dose-dependent  manner.  TdR,  thymidine.  C,  BH-P  reduced  the  ability  of  MDA-435  cells  to  form  colonies  on  soft  agar.  Tire  results  represent 
the  mean  (n  =  3)  of  a  representative  experiment;  bars,  SE.  Each  experiment  was  repeated  at  least  three  times  with  similar  results.  *,  P  <  0.05. 


shown  in  Fig.  2A,  the  sizes  of  tumor  xenografts  formed  by  B16 
melanoma  cells  that  had  been  i.v.  injected  with  BH-P  were  much 
smaller  than  those  injected  with  control-P.  Similar  results  were  ob¬ 
tained  with  MDA-435  cells  in  the  same  model  (Fig.  2 B).  Furthermore, 
the  difference  in  the  tumor  weights  between  the  test  and  control 
groups  was  statistically  significant  (Fig.  2,  C  and  D).  The  fact  that 
BH-P  demonstrated  an  inhibitory  effect  on  the  growth  of  both  B16 


melanoma  and  MDA-435  cells  suggested  that  the  antitumor  effect  of 
BH-P  was  not  limited  to  one  cell  line  and  was  likely  to  be  universal. 

The  second  model  system  consisted  of  gene  transfection,  which  has 
the  following  advantages:  (a)  it  results  in  a  high  concentration  of 
BH-P  in  the  tumors,  which  could  not  be  achieved  by  systemic  admin¬ 
istration  of  synthetic  BH-P;  ( b )  BH-P  should  be  evenly  distributed  in 
the  tumors;  and  (c)  a  consistent  level  of  BH-P  could  be  maintained  in 
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Fig.  2.  Inhibition  of  tumor  growth  on  CAM.  Two  days  after  B16  melanoma  cells  (1  X  106)  or  MDA-435  cells  (3  X  106)  were  placed  on  top  of  the  CAMs  of  10-day-old  chicken 
embryos,  200  /xg  of  control-P  or  BH-P  in  200  /ri  of  PBS  were  either  i.v.  injected  into  the  CAMs  once  or  tropically  administrated  onto  the  tumor  xenografts  on  a  daily  basis.  Five  days 
later,  the  tumors  were  harvested,  photographed  (A  and  B ),  and  weighed  (C  and  D).  Compared  with  the  control-P,  the  tumors  treated  with  BH-P  were  smaller  ( P  <  0.05).  Bars,  SE. 
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Fig.  3.  Inhibitory  effect  of  BH-P  on  tumor  growth  of  its  transfectants.  MDA-435  cells  (3  X  106),  transfected  with  expression  vector  for  BH-P,  were  injected  into  the  mammary  fat 
pads  of  nude  mice,  and  tumor  growth  was  monitored.  A,  tumor  xenografts  of  cells  transfected  with  BH-P  grew  slower  than  those  of  control  cells  after  20  days.  Bars,  SE.  B,  BH-P 
transfectants  formed  smaller  tumor  xenografts.  C,  the  mean  tumor  weight  of  BH-P  transfectants  was  less  than  the  control  group  ( P  <  0.01).  Bars,  SE. 


the  tumors.  For  this  approach,  the  cDNA  sequence  coding  for  BH-P 
was  obtained  by  back-translation  and  then  inserted  into  a  pSecTag 
vector  that  had  a  cytomegalovirus  promoter  and  an  Ig*  signal  peptide 
for  secretion.  The  MDA-435  cells  were  transfected  with  either  a 
pSecTag  empty  vector  or  a  BH-P-pSecTag  expression  vector.  To 
avoid  clonal  variation,  the  transfectants  that  survived  in  G418  selec¬ 
tion  medium  and  expressed  BH-P  were  first  pooled  and  then  injected 
into  the  mammary  fat  pads  of  nude  mice.  Fig.  3A  shows  that  the 
growth  curve  of  the  MDA-435  cells  transfected  with  BH-P  was  below' 
that  of  the  mock-transfected  cells.  Forty-two  days  after  inoculation, 
the  average  size  of  tumor  xenografts  in  the  BH-P  group  was  smaller 
than  that  in  the  control  group  (Fig.  3 B),  and  the  difference  in  tumor 
weight  between  the  two  groups  was  statistically  significant  (Fig.  3 C; 
P  <  0.05). 

TTius,  the  results  from  two  different  experimental  models  were  con¬ 
sistent  with  each  other,  strongly  indicating  that  BH-P  could  inhibit  tumor 
growth  in  vivo.  Importantly,  when  BH-P  was  administered  at  a  concen¬ 
tration  that  inhibited  tumor  growth,  there  was  no  notable  side  effect  on 
either  the  chicken  embryos  or  mice  with  regard  to  animal  body  weight 
and  activity  assessed  at  the  end  of  each  experiment  (data  not  shown). 

BII-P  Binds  to  the  Plasma  Membrane  and  Causes  an  Increased 
Permeability.  To  determine  whether  there  was  a  physical  association 
of  BH-P  with  the  targeted  cells,  a  binding  assay  was  preformed. 
MDA-435  cells  were  incubated  with  FITC-BH-P  at  4°C  for  30  min 
and  examined  under  a  confocal  microscope.  Green  fluorescence 
clearly  outlined  the  tumor  cells,  suggesting  that  FITC-BH-P  bound  to 
the  plasma  membranes  (Fig.  4 A).  This  could  be  blocked  by  a  100-fold 
excess  of  BH-P,  indicating  that  the  BH-P  specifically  bound  to  the  cell 
surface. 

Presumably,  BH-P  was  binding  to  HA  or  other  glycosaminoglycans 
on  the  cell  surface.  To  test  for  this,  we  preincubated  the  tumor  cells 
with  testicular  hyaluronidase  to  digest  HA  and  chondroitin  sulfate  on 
the  cell  surface,  or  added  an  excess  HA  to  FITC-BH-P  to  block  its 
ability  to  bind  to  HA,  and  then  examined  the  alterations  in  BH-P 
binding  on  the  cell  surface  and  the  interference  of  its  function.  Indeed, 
an  excess  of  HA  or  pretreatment  of  hyaluronidase  prevented  the 
binding  of  FITC-BH-P  to  the  cell  surface  (Fig.  4 B)  and  reversed  the 
inhibitory  effect  of  BH-P  on  cell  proliferation,  as  measured  by  thy¬ 
midine  incorporation  (data  not  shown).  This  indicates  that  at  least 
some  of  the  inhibitory  activity  of  BH-P  was  a  result  of  its  ability  to 
bind  the  cell  surface  HA  or  chondroitin  sulfate. 

Next,  we  wanted  to  determine  whether  BH-P  damaged  the  plasma 
membrane.  To  address  this  issue,  we  used  high  molecular  weight 


FlTC-dextran  (40,000),  which  is  normally  excluded  from  the  cyto¬ 
plasm  of  cells  with  intact  plasma  membranes.  However,  when  MDA- 
435  cells  were  treated  with  100  /ug/ml  of  BH-P,  the  percentage  of  cells 
that  stained  positively  for  FITC-dextran  increased  from  12%  in  con¬ 
trol -P- treated  cells  to  37%  in  those  treated  with  BH-P  (Fig.  4 Q, 
indicating  that  the  permeability  of  the  plasma  membrane  was  in¬ 
creased  with  the  BH-P  treatment. 

BH-P  Triggers  Apoptosis.  To  determine  whether  BH-P  triggered 
apoptosis,  both  MDA-435  and  TSU  tumors  cells  were  treated  with 
BH-P  or  control-P,  and  then  the  DNA  was  extracted  and  electTOphore- 
sed  on  a  1.5%  agarose  gel.  Fig.  4D  shows  DNA  laddering  in  BH-P- 
treated  tumor  cells  but  not  in  the  control -P-treated  cells,  suggesting 
that  BH-P  could  trigger  apoptosis. 

We  then  examined  the  activation  of  molecules  that  are  part  of  the 
apoptotic  pathway  by  Western  blotting.  Fig.  4 E  shows  that  caspase-8, 
caspase-3,  and  PARP  were  activated  in  both  tumors  formed  by  cells 
transfected  with  BH-P  expression  vectors  in  nude  mice  and  in  cultured 
tumor  cells  as  compared  with  their  control  counterparts.  To  determine 
whether  blocking  apoptosis  could  prevent  the  inhibitory  effects  of 
BH-P  on  tumor  cells,  Z-VAD-FMK  (40  /am;  a  pan-caspase  inhibitor) 
and  Z-VDVAD-FMK  (20  /am;  an  inhibitor  for  caspase-2,  -3,  and  -7) 
were  added  to  tumor  cells  treated  with  (as  test)  or  without  (as  control) 
BH-P.  The  result  demonstrated  that  although  the  caspasc  inhibitors 
alone  did  not  have  any  effect  on  the  cell  proliferation,  the  inhibitory 
effect  of  BH-P  on  tumor  cells  could  be  blocked  by  the  addition  of 
Z-VAD-FMK  or  Z-VDVAD-FMK  (data  not  shown),  which  strongly 
suggests  that  the  BH-P  inhibition  of  tumor  growth  is  associated  with 
caspase- related  apoptosis. 

Discussion 

The  results  of  this  study  demonstrate  that  BH-P,  a  peptide  enriched 
with  B(X7)B  motifs  that  bind  to  HA,  can  exert  antitumor  effects  as 
indicated  by  the  following;  (a)  BH-P  inhibits  the  proliferation  of 
tumor  cells  growing  under  both  anchorage-dependent  and  -independ¬ 
ent  conditions;  and  ( b )  BH-P  inhibits  tumor  growth  in  vivo  in  both  the 
chicken  embryo  CAM  and  nude  mice  xenograft  models.  This  inhib¬ 
itory  effect  of  BH-P  was  tested  with  MDA-435  human  melanoma 
cancer  cells,  B16  melanoma  cells,  and  TSU  human  bladder  cancer 
cells.  In  each  case,  BH-P  exerted  a  similar  inhibitory  effect,  suggest¬ 
ing  that  the  effect  of  BH-P  is  not  cell  line  specific  but  is  a  universal 
phenomenon.  Notably,  there  were  no  obvious  side  effects  on  either  the 
development  of  the  chicken  embryos  or  on  the  body  weights  of  the 
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Fig.  4.  Effect  of  BH-P  on  apoptosis-related  molecules.  A,  confocal  microscopy  shows  the  binding  of  FITC-BH-P  to  the  surface  of  MDA-435  cells  (top),  which  could  be  blocked 
by  excess  of  BH-P  (bottom).  B,  flow  cytometry  shows  that  the  binding  of  FITC-BH-P  to  the  cell  surface  was  blocked  by  an  excess  of  HA  or  preincubation  with  hyaluronidase.  C.  flow 
cytometry  shows  that  treatment  with  BH-P  resulted  in  an  increased  permeability  of  FITC-dextran,  suggesting  that  the  plasma  membrane  was  damaged.  D.  analysis  of  DNA  from 
MDA-435  andTSU  cells  indicates  that  treatment  with  BH-P  results  in  laddering.  E ,  Western  blot  analysis  indicated  that  caspase-8,  caspase-3,  and  PARP  were  activated  in  both  tumors 
formed  by  BH-P  transfeclants  and  in  cultured  tumor  cells  treated  with  BH-P, 


mice,  suggesting  that  BH-P  spares  normal  cells  and  preferentially 
blocks  the  growth  of  malignant  tumor  cells. 

BH-P  appears  to  exert  its  antitumor  activity  through  its  ability  to 
induce  apoptosis.  The  first  step  in  this  process  is  the  binding  of  BH-P 
to  the  cell  surface,  which  was  suggested  by  confocal  analysis  with 
FITC-BH-P  (Fig.  4 A).  This  binding  presumably  involves  HA  or  its 
related  molecules  (chondroitin  sulfate),  as  indicated  by  flow  cytom¬ 
etry  analysis  in  which  the  treatment  with  excess  HA  or  hyaluronidase 
blocked  the  binding  of  FITC-BH-P  to  the  cell  surface  (Fig.  4 B). 
Importantly,  the  interference  of  BH-P  binding  to  cell  surface  HA 
reversed  its  effects  on  cell  proliferation,  suggesting  that  HA  binding 
on  the  cell  surface  is  necessary  for  the  effect  of  BH-P.  After  binding 
and  internalization,  BH-P  appears  to  trigger  the  apoptosis  cascade,  as 
indicated  by  the  activation  of  critical  molecules  in  the  apoptosis 
pathway,  such  as  caspase-8,  caspase-3  and  PARP,  eventually  resulting 
in  the  fragmentation  of  DNA.  Indeed,  the  fact  that  several  caspase 
inhibitors  reversed  the  inhibitory  effects  of  BH-P  on  cell  proliferation 
strongly  suggested  that  its  effect  was  related  to  the  induction  of 
apoptosis.  The  increased  permeability  of  the  plasma  membrane  upon 
the  treatment  with  BH-P  could  result  from  either  direct  damage 


caused  by  the  binding  of  BH-P  to  the  cell  surface  or  as  a  consequence 
of  intracellular  apoptosis  on  the  membrane.  At  present,  the  initial 
target  of  BH-P  is  unclear. 

Although  this  is  the  first  report  regarding  a  peptide  enriched  in  HA 
binding  motifs  having  an  antitumor  activity,  other  biological  effects 
have  been  attributed  to  HA  binding  peptides.  For  example,  Mummert 
ei  al.  (31)  have  reported  that  a  12-mer  HA  binding  peptide,  obtained 
from  a  screen  of  a  peptide  library  with  a  phage  display  technique, 
could  block  HA-mediated  leukocyte  trafficking  and  inhibit  inflamma¬ 
tory  reactions.  This  12-mer  peptide  has  only  one  HA  binding  motif.  In 
separate  experiments,  we  found  that  a  single  HA  binding  motif  is  not 
sufficient  to  induce  an  antitumor  effect  (data  not  shown).  According 
to  our  results,  three  HA  binding  motifs  appear  to  be  required  to  impart 
antitumor  activity.  We  believe  that  the  numbers  of  HA  binding  motifs 
in  the  peptides  may  determine  their  function.  To  block  the  HA-CD44 
interaction  that  mediates  the  leukocyte  migration,  one  HA  binding 
motif  seems  sufficient  (31).  However,  to  trigger  apoptosis  in  tumor 
cells,  it  seems  to  require  a  peptide  that  has  more  than  one  B(X7)B 
motif  to  simultaneously  act  on  more  than  one  site  or  more  than  one 
molecule  on  the  cell  surface. 
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Recently,  it  has  been  reported  that  the  binding  of  HA  to  CD44  could 
block  apoptosis  induced  by  antibodies  to  Fas  (32).  Directly,  CD44 
could  physiologically  trigger  the  up- regulation  of  Fas  (33),  and  the 
activated  T  cells  could  use  CD44  to  undergo  apoptosis  (34).  To 
weaken  apoptosis,  the  Fas-triggering  cells  appeared  to  shed  CD44 
(35).  These  studies  suggest  that  the  HA  BP  in  conjunction  with  Fas 
sends  a  negative  signal  that  could  result  in  apoptosis.  The  ability  of 
BH-P  to  activate  caspase-8  (Fig.  4,  D  and  £),  a  critical  molecule  in  the 
Fas  pathway,  implies  BH-P  may  function  in  a  fashion  similar  to  CD44 
to  trigger  apoptosis. 

The  identification  of  the  basic  structural  element  responsible  for 
antitumor  activity  has  a  number  of  practical  implications:  (a)  a  small 
functional  peptide  is  easy  to  prepare,  compared  with  macromolecular 
proteins;  ( b )  its  small  size  allows  it  to  better  penetrate  tumors,  which 
helps  to  promote  its  antitumor  activity;  and  (c)  it  should  be  easy  to 
identify  similar  compounds  to  mimic  antitumor  activity  of  HABPs 
and  peptides.  The  interruption  of  physiological  function  of  native 
HABPs  could  result  in  an  impairment  in  cell  migration,  invasion,  and 
activation  of  apoptosis.  In  conclusion,  basic  research  on  the  function 
of  HA  binding  peptides  may  lead  to  the  identification  of  other  novel 
agents  to  trigger  apoptosis  and  block  tumor  progression. 
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HYALURONAN-BINDING  PEPTIDE  CAN  INHIBIT  TUMOR  GROWTH  BY 
INTERACTING  WITH  Bcl-2 
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Previous  studies  have  indicated  that  proteins  that  bind 
hyaluronan  can  also  inhibit  the  growth  of  tumor  cells.  To 
determine  if  synthetic  peptides  also  possessed  these  proper¬ 
ties,  we  tested  a  series  of  polypeptides  containing  structural 
motifs  from  different  proteins  for  their  ability  to  bind 
[3H]hyaluronan,  and  identified  one  compound  termed  P4 
that  had  a  particularly  strong  interaction.  Further  studies 
revealed  that  P4  also  inhibited  the  growth  of  tumor  cells  in 
tissue  culture  as  well  as  on  the  chorioallantoic  membranes  of 
chicken  embryos.  In  addition,  expression  vectors  for  P4 
caused  tumor  cells  to  grow  slower  in  nude  mice  and  reduced 
their  vascularization.  The  P4  peptide  also  inhibited  VEGF- 
induced  angiogenesis  in  the  chorioallantoic  membranes  of 
chicken  embryos.  Studies  on  cultured  cells  indicated  that  P4 
induced  apoptosis,  which  was  blocked  by  a  pan-caspase  inhib¬ 
itor.  Confocal  microscopy  revealed  that  shortly  after  its  up¬ 
take,  P4  became  associated  with  mitochondria.  Immunopre- 
cipitation  indicated  that  P4  could  bind  to  Bcl-2  and  Bcl-xL, 
which  are  associated  with  mitochondria  and  regulate  apopto¬ 
sis.  This  was  also  supported  by  the  fact  that  P4  induced  the 
release  of  cytochrome  c  from  preparations  of  mitochondria. 
Taken  together,  these  results  suggest  that  P4  binds  to  Bcl-2 
and  related  proteins  and  this  activates  the  apoptotic  cascade. 
©  2003  Wiley-Liss,  fnc. 

Key  words:  apoptosis:  angiogenesis:  cytochrome  c:  mitochondria; 
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A  number  of  proteins  that  can  bind  to  hyaluronan  also  have 
antitumor  properties.1"7  Indeed,  we  have  previously  described  a 
complex  of  proteins  termed  metastatin  that  was  isolated  from 
cartilage  by  affinity  chromatography  on  hyaluronan-Sepharose.1 
Metastatin  consists  of  a  fragment  of  aggrecan  and  the  link  protein 
that  binds  to  hyaluronan  with  high  affinity  and  specificity.  We 
found  that  metastatin  could  inhibit  the  growth  of  tumor  cells  in 
several  model  systems.  For  example,  in  mice  that  previously  had 
been  inoculated  with  either  616  melanoma  or  Lewis  lung  carci¬ 
noma  cells,  multiple  i.p.  injections  of  metastatin  reduced  the  num¬ 
ber  of  tumor  nodules  that  formed  in  the  lungs.  Similarly,  in 
chicken  embryos,  a  single  injection  of  metastatin  inhibited  the 
growth  of  B 1 6  and  TSU  tumor  cells  on  the  chorioallantoic  mem¬ 
brane.  Significantly,  in  each  case  this  antitumor  activity  was 
blocked  if  the  preparation  of  melastatin  was  premixed  with  an 
excess  of  hyaluronan,  suggesting  that  a  free  binding  site  was 
critical  for  its  activity.  Additional  experiments  indicated  that  met¬ 
astatin  acted  by  blocking  tumor  angiogenesis.  In  particular,  when 
VHGF-induced  angiogenesis  was  tested  in  the  chicken  chorioallan¬ 
toic  membrane  system,  metastatin  significantly  reduced  the  num¬ 
ber  and  density  of  the  blood  vessels.  Experiments  with  endothelial 
cells  growing  in  tissue  culture  also  indicated  that  metastatin  was 
able  to  induce  apoptosis  in  these  cells.  Based  on  these  results,  we 
postulated  that  metastatin  was  able  to  target  proliferating  endothe¬ 
lial  cells  that  were  involved  in  tumor  neovascularization. 

In  addition  to  metastatin,  a  number  of  other  hyaluronan  binding 
proteins  also  have  antitumor  activity.  For  example,  a  recombinant 
version  of  CD44  fused  with  an  immunoglobulin  chain  that  can 
bind  to  hyaluronan  also  inhibited  the  growth  of  human  mammary 
carcinoma  and  lymphoma  cells  in  nude  mice.2  -3  A  second  example 
is  the  RHAMM  protein  which  is  a  cell  surface  receptor  for  hya¬ 
luronan  and  regulates  cell  mobility.  Mohapata  et  al.A  found  that  a 
soluble  version  of  this  protein  will  arrest  the  growth  of  cultured 
tumor  cells  in  the  GVM  transition,  and  this  appears  to  be  due  to  the 
down  regulation  of  Cdc2/Cyclin  B 1 .  Another  example  is  the  factor 


TSG-6.  which  is  secreted  by  a  variety  of  cells  after  stimulation 
with  inflammatory  cytokines.  This  factor  is  able  to  both  bind 
hyaluronan  and  block  tumor  cell  growth,5  A  final  example  is 
endostatin,  a  20  kDa  fragment  of  the  C-terminal  of  collagen  XVI 1 1 
that  inhibits  angiogenesis  and  as  a  result  inhibits  the  growth  of 
tumors.6  Endostatin  also  appears  to  be  able  to  bind  hyaluronan  as 
suggested  by  the  presence  of  specific  structural  motifs  and  a  basic 
region  formed  by  I  I  arginine  residues.7 

These  previous  findings  prompted  us  to  examine  synthetic  pep¬ 
tides  for  both  hyaluronan  binding  activity  and  for  antitumor  prop¬ 
erties.  To  accomplish  this,  we  designed  a  series  of  peptides  con¬ 
taining  the  motif  BfX7]B  (2  basic  amino  acids  flanking  a  sequence 
of  7  amino  acids),  which  is  common  to  many  hyaluronan  binding 
proteins  as  originally  described  by  Yang  et  at*  The  peptides 
contained  1  or  more  of  these  motifs  derived  from  a  variety  of 
different  proteins.  When  these  peptides  were  tested  for  their  ability 
to  bind  pH]  hyaluronan,  I  particular  peptide  termed  P4  was 
identified  that  had  a  particularly  strong  interaction.  We  then  ex¬ 
amined  P4  with  regard  to  antitumor  activity  and  found  that  it  also 
inhibited  the  growth  of  tumor  cells  on  the  chorioallantoic  mem¬ 
branes  of  chicken  embryos  and  that  tumor  cells  transfected  with  P4 
expression  vectors  grew  slower  in  nude  mice.  Further  studies 
suggested  that  the  P4  peptide  rapidly  entered  the  cytoplasm  of  cells 
where  it  interacted  with  members  of  the  Bcl-2  family  of  proteins  to 
induce  apoptosis.  These  results  suggest  that  proteins  or  peptides 
that  can  bind  to  hyaluronan  may  represent  a  new  category  of 
compounds  with  antitumor  activity. 


MATERIAL  AND  METHODS 
Synthesis  of  peptides 

A  series  of  peptides  were  designed  that  contained  the  hyaluro- 
nan-binding  motif  B[X7]B  from  a  variety  of  different  proteins 
(Table  I).  In  some  cases  these  domains  were  coupled  together 
using  a  series  of  VVV  or  GG  residues  to  provide  flexible  linkages. 


Abbreviations :  FITC-P4.  fluorescein  isothiocyanate  labeled  P4  peptide; 
GFP,  green  fluorescence  protein;  PBS-A.  phosphate-buffered  saline  with¬ 
out  calcium  or  magnesium;  PMSF,  phenyl  methyl  sulfonyl  fluoride. 
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TABLE  I  -  HY  ALU  RON  AN-BINDING  ACTIVITY  OF  SEIECTED  PROTEINS  AND  PEPTIDES 
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To  improve  the  targeting  of  the  peptide  to  tumor  and  endothelial 
cells,  the  N-terminus  consisted  of  a  CNGRG  sequence  that  acts  as 
a  ligand  for  CD  1 3. N  Finally,  to  impede  enzymatic  degradation,  the 
N-terminals  of  the  peptides  were  acetvlated.  and  the  (‘-terminals 
were  amidated.  The  peptides  were  synthesized  b>  Genemed  (San 
Francisco,  CA)  and  dissolved  in  a  small  amount  of  dimethyllor- 
mamide  and  1  %  acetate  acid,  diluted  with  saline  to  a  concentration 
of  1  mg/ml  and  sterilized  by  placing  in  a  boiling  water  bath  for  IN 
min. 

Hyaluronan  binding  assay 

To  assay  for  the  binding  of  the  peptide  to  hyaluronan.  we  took 
advantage  of  the  fact  that  hyaluronan  does  not  adhere  to  nitrocel¬ 
lulose  by  itself  but  will  do  so  in  the  presence  of  proteins  or 
peptides  that  bind  to  it.  The  1 4H]hyaluronan  ( 1 .35  X  I (Vs  cpm/pg) 
was  prepared  from  the  medium  of  rat  fibrosarcoma  cells  cultured 
in  the  presence  of  [3H|acetatc  as  previously  described. ]t>  For  the 
binding  assay.  2  pig  |3H|hyaIuronan  was  mixed  with  2  pig  of  the 
peptide  (or  protein)  in  a  final  volume  of  50  jjl!  of  phosphate- 
buffered  saline  (PBS- A).  For  each  sample,  the  background  was 
determined  by  including  an  excess  of  nonlabeled  hyaluronan  (40 
|mg ) .  After  incubating.  20  min,  2  20  pJ  aliquots  were  applied  to  a 
sheet  of  nitrocellulose  using  a  dot  blot  apparatus,  allowed  to  soak 
in  for  20  min  before  wells  were  washed  with  PBS- A  (3  times,  100 
fjLl/wel!)  under  vacuum.  The  individual  dots  were  cut  out  and 
assayed  for  radioactivity  in  a  scintillation  counter  The  specific 
binding  was  calculated  by  subtracting  the  background  (/%,,  with  an 
excess  of  nonlabeled  hyaluronan)  from  the  total  binding. 

Cel!  culture 

The  MDA-435  (human  breast  cancer),  TSU  (human  bladder 
cancer),  B  16  (mouse  melanoma),  Cos-7,  N1H-3T3.  293T  cells  and 
ABAE  (adult  bovine  aortic  endothelial)  cells  were  maintained  in 
10%  calf  serum  and  90%  DMEM  except  as  otherwise  indicated. 
HI  VEC  (human  umbilical  veins  endothelial  cells)  were  cultured 
in  209J  fetal  bovine  serum  and  809;  DMEM  containing  10  ng/ml 
fibroblast  growth  factor  2  and  vascular  endothelial  growth  factor 

Cell  proliferation  assay 

Approximately  5.000  cells  were  distributed  into  96-well  tissue 
culture  plates  and  the  following  day  the  media  was  replaced  with 
160  |xl  of  fresh  media  and  40  juU  of  a  solution  containing  different 
concentrations  of  either  the  P4  or  the  random  peptide  as  a  control. 
One  day  later.  30  |xl  of  0.3  |xCi  of  |  H  |thymidinc  in  scrum-free 
media  was  added  to  each  well,  and  after  approximately  8  hr  the 
cells  were  harvested  and  the  amount  of  incorporated  pHIthymi- 
dine  was  determined  with  a  beta  counter. 

Grow  th  of  tumor  xenografts  on  the  chicken  chorioallantoic 
membrane 

Rapidly  growing  cultures  of  B16  cells  were  harvested,  washed, 
centrifuged  and  pellets  containing  2-3  X  l()f1  cells  were  placed  on 
the  chorioallantoic  membranes  of  10-day-old  chicken  embryos  ( 15 
eggs/group)  incubated  at  37.8°C.  After  2  days.  100  pil  of  PBS 
containing  100  pig  of  P4  or  random  peptide  were  injected  into 
blood  vessels  in  the  CAM.  Five  days  later,  the  xenografts  as  well 
as  the  chicken  embryos  were  harvested. 

Transfection  of  cultured  cells  with  expression  vectors 

The  sequence  of  P4  was  back-translated  into  a  cDNA  sequence, 
which  was  synthesized  and  inserted  into  a  p-lgK/hvgro  vector 
(Invitrogen,  Carlsbad,  CA).  This  vector  was  then  used  to  transfect 
MDA-435  and  TSU  tumor  cells  which  were  selected  with  800 
|xg/ml  hygromycin  and  the  resulting  clones  were  pooled.  The 
expression  of  P4  by  these  cells  was  determine  by  Western  blotting 
with  a  polyclonal  antibody  generated  against  the  P4  (Genemed). 

A  i ig iogen esis  assay 

Disks  of  filter  paper  (0.5  cm  diameter)  containing  10  ng/ml  of 
both  VEGF  and  FGF-2  (Repro,  Rocky  Hill,  NJ)  were  placed  on  the 
CAMs  of  7-day-old  chicken  embryos,  which  were  then  injected 
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with  either  P4  or  a  random  peptide  ( 100  [xg  in  0.2  ml).16  Four  days 
later,  the  CAMs  iimnediately  adjacent  to  the  filter  paper  were  fixed 
and  examined  by  computerized  image  analysis.  An  Optimas  5 
program  was  used  to  calculate  the  vessel  area  index,  which  cor- 
responds  to  area  occupied  by  the  blood  vessels  normalized  to  the 
total  area  examined. 

Ana  lysis  of  a  pop  tos  is 

VIDA-435  cell  were  cultured  in  the  presence  of  P4  or  the 
random  peptide  (100  |xg/ml)  for  24  hr,  harvested,  washed  with 
PBS  and  the  cell  pellets  were  digested  with  0.5  mg/ml  proteinase 
K  in  1%  SDS,  150  mM  NaCl,  50  mM  EDTA.  pH  8.0,  at  55°C  for 
16  hr.  The  resulting  digest  was  extracted  with  phenol  and  chloro¬ 
form,  and  the  genomic  DNA  was  precipitated  with  isopropanol. 
DNA  pellets  were  dissolved  in  TE  buffer  (10  mM  Tris,  1  mM 
EDTA,  pH  7.4)  and  were  electrophoresed  on  a  1 .5%  agarose  gel.17 

Confocal  microscopy 

In  some  experiments,  VI DA-435  cells  growing  on  cover  slips 
were  incubated  with  l  [xg/ml  of  FITC-P4  (N-terminal  labeled, 
Genemed)  for  I  hr.  either  alone  (as  test)  or  in  the  presence  of  50 
(jig  of  nonlabeled  P4  (as  control).  For  the  double-label  experi¬ 
ments,  the  cells  were  incubated  with  F1TC-P4  at  37  ‘C  for  20  min 
followed  by  25  nVl  of  MitoTracker  (Molecular  Probes,  Eugene, 
OR).  In  each  case,  the  cells  were  washed,  fixed  and  then  examined 
under  a  confocal  microscope. 

Flow  cytometry 

To  analyze  cells  for  early  stages  of  apoptosis,  we  used  annexin 
V  and  propidium  iodide  staining. IS  Cultures  of  MDA-435  and 
ABAE  cells  were  treated  overnight  with  P4  or  the  random  peptide, 
harvested  with  5  mM  EDTA  in  PBS.  washed  and  resuspended  in 
complete  medium  and  allowed  to  recover.  The  cells  were  then 
suspended  in  100  juel  of  binding  buffer  (140  mVI  NaCl,  10  mM 
HEPEvS  and  2.5  mM  CaCL,  pH  7.4)  and  mixed  with  5  p.1  of 
FITC-annexin  V  and  2.5  [xl  of  0.1%  propidium  iodide  (Molecular 
Probes,  Eugene,  OR).  After  15  min  at  room  temperature,  300  jxl  of 
binding  buffer  was  added,  and  the  samples  were  analyzed  by  flow 
cytometry.  The  percentage  of  cells  with  green  staining  of  FITC- 
annexin  V  (apoptotic  cells)  but  not  red  staining  of  propidium 
iodide  (dead  cells)  was  calculated.18 

To  analyze  the  integrity  of  mitochondria,  cells  were  stained  with 
JC-I  (Molecular  Probes),  which  gives  a  high  red  fluorescence 
signal  for  cells  with  healthy,  functional  mitochondria  and  shifts  to 
a  high  green  fluorescence  and  low  red  fluorescence  for  those  with 
mitochondria  with  a  decreased  membrane  potential.17  Suspensions 
of  MDA-435  and  ABAE  cells  were  prepared  as  described  and  then 
incubated  with  10  |xg/ml  of  JC-1  for  10  min  at  room  temperature 
and  then  subjected  to  flow  cytometry  analysis  for  both  green 
fluorescence  and  red  fluorescence  (Molecular  Probes). 

Western  blotting 

Cultured  cells  were  treated  with  the  peptides  and  extracted  in 
lysis  buffer  (1%  triton  X-100,  0.5%  sodium  deoxycholate,  0.5 
mg/ml  leupetin,  l  mM  EDTA,  I  mg/ml  pepstatin  and  0.2  mM 
phenylmethyl-sulfonyl  fluoride).  Samples  containing  20  jxg  of 
protein  were  loaded  onto  4-12%  BT  NuPAGE  gel  (Novex,  San 
Diego,  CA).  electrophoresed  and  transferred  to  a  nitrocellulose 
membrane.  The  membranes  were  blocked  with  5%  nonfat  milk  in 
PBS  for  30  min  and  then  incubated  for  I  hr  with  I  (xg/ml  anti¬ 
bodies  against  caspase  9,  caspase  3.  PARP  or  ex-tubulin  (Santa 
Cruz  Biotechnologies,  Santa  Cmz,  CA).  After  washing,  the  mem¬ 
brane  was  incubated  for  l  hr  with  0.2  jxg/ml  of  peroxidase-labeled 
antirabbit  IgG  followed  by  an  enhanced  chemoluminescent  sub¬ 
strate  (Pierce,  Rockford,  IL). 

ELISA  for  protein  binding 

The  wells  of  ELISA  plates  (marician-treated  to  facilitate  peptide 
binding)  were  incubated  with  200  jxl  of  5  |xg/ml  P4  or  random 
peptide  at  room  temperature  overnight.  After  blocking,  purified 
human  recombinant  Bcl-2  protein  (Santa  Cruz  Biotechnologies, 


Santa  Cruz.  CA)  at  different  concentrations  (100  |xl  of  0-1 .0  pug  /ml  ) 
was  added  to  plate,  incubated  for  l  or  2  hr.  After  washing,  a 
solution  containing  0.5  [xg/ml  of  antibodies  to  Bcl-2  was  added  for 
1  hr  followed  by  peroxidase- labeled  secondary  antibody  and  fi¬ 
nally  a  peroxidase  substrate  consisting  of  2.2'-azino-bis(3-ethyl- 
benz-thiazoline-6-sulfonic  acid)  and  H^CK.  The  OD4()5  was  deter¬ 
mined  with  an  ELISA  reader 

I  m  m  unop  re  dpi  tat  ion 

The  293T  cells  were  transiently  transfected  with  pCMV  vector 
containing  Bcl-2  or  Bcl-x,  cDNA  fused  at  N-terminal  to  GFP  or 
containing  GFP  alone  as  a  control.  Twelve  hours  later,  the  cells 
were  incubated  with  biotin-P4  for  3  hr  and  harvested  in  1.5  ml  of 
lysis  buffer  (0.5%  nonidet  P-40,  150  mM  NaCl,  1  mM  EDTA.  20 
mM  Tris,  pH  8.0,  10  [xg/ml  aprotinin,  10  fxg/ml  leupeptin  and  I 
mM  PMSF).  One  milliliter  of  the  cell  lysates  was  mixed  with 
streptavidin-beads  overnight  at  4°C.  The  beads  were  washed  and 
extracted  in  30  [xl  of  Laemmli  sample  buffer,  and  10  \x\  samples 
were  analyzed  by  Western  blotting  using  antibodies  to  GFP  (Santa 
Cruz  Biotechnologies). 

Release  of  cytochrome  c 

A  cell-free  preparation  of  mitochondria  was  prepared  from 
MDA-435  cells  by  differential  centrifugation. |y  For  this.  5  X  10' 
cells  were  washed  with  PBS.  re-suspended  in  5  vol  of  CFS  buffer 
(220  mM  mannitol,  68  mM  sucrose,  2  mM  NaCl,  2.5  mM 
KH2P04,  0.5  mM  EGTA,  2  mM  MgCI2.  5  mM  pyruvate.  0. 1  mM 
PMSF  and  10  mM  HEPES-NaOH,  pH  7.4)  and  swollen  on  ice  for 
20  min.  The  cells  were  then  disrupted  by  10-15  aspirations 
through  a  22-gauge  needle  and  centrifuged  at  750#  for  5  min  at 
4°C  to  remove  the  nuclei.  The  supernatant  w'as  centrifuged  again 
( 15,000#,  15  min,  4°C)  to  recover  the  mitochondrial  fraction.  The 
resulting  pellet  was  resuspended  in  a  buffer  consisting  of  250  mM 
sucrose?  20  mM  Hepes.  pH  7.5,  10  mM  KC1,  1.5  mM  MgCL,  I 
mM  EDTA.  1  mM  EGTA,  I  mM  DTT  and  0.1  mM  PMSF  and 
divided  into  3  equal  fractions.  One  fraction  w'as  treated  with 
vehicle  alone,  another  was  mixed  with  50  [xg/ml  of  the  control 
peptide  and  the  third  with  P4.  After  1  hr  at  25°C.  the  tubes  were 
centrifuged  (15,000#  for  15  min)  to  pellet  the  mitochondria.  The 
supernatants  (containing  the  released  cytochrome  c)  and  the  pellets 
(containing  the  mitochondria)  were  collected  and  analyzed  for 
cytochrome  c  by  Western  blotting  (antibody  from  Santa  Cruz). 


RESULTS 

Design  of  the  hyalurtman  binding  peptide 

In  initial  studies,  we  designed  a  series  of  peptides  containing 
hyaluronan-binding  motifs  derived  from  different  proteins  (Table 
I).  These  w'ere  then  tested  for  their  ability  to  bind  to  |3H|hyaluro- 
nan  by  using  an  assay  that  took  advantage  of  the  fact  that  hyalu- 
ronan  by  itself  does  not  bind  to  nitrocellulose  but  does  so  in  the 
presence  of  hyaluronan-binding  peptides  or  proteins.  The  validity 
of  this  assay  was  demonstrated  by  the  fact  that  a  cartilage  proteo¬ 
glycan  (a  complex  of  aggrecan  and  link  protein)  that  is  know  n  to 
bind  hyaluronan  demonstrated  a  significant  specific  binding  of 
l/HJhyaluronan  to  nitrocellulose  but  not  the  nonbinding  protein 
bovine  serum  albumin. 

Among  these  peptides  examined,  one  designated  P4  stood  out 
with  regard  to  its  ability  to  bind  hyaluronan  (Table  1).  The  P4 
peptide  consisted  of  3  B[X7]B  motifs:  2  from  RHAMM  and  l  from 
hyaluronidase  as  well  as  2  VVV  linkers  between  these  domains.  In 
contrast,  PI  through  P3,  which  contained  the  individual  hyaluro¬ 
nan-binding  motifs,  did  not  display  significant  activity.  It  appears 
that  multiple  motifs  are  required  to  observe  significant  binding 
activity.  It  should  also  be  mentioned  that  a  CNGR  motif  was 
placed  on  the  N-terminus  to  target  the  peptides  to  CD  13  that  is 
present  on  both  tumor  and  endothelial  cells.14  How-evcr.  subse¬ 
quence  experiments  revealed  that  removal  of  this  sequence  had  no 
effect  on  its  ability  to  inhibit  the  proliferation  of  cultured  cells. 
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Figure  1  -  Effect  of  P4  on  the  growth  of  cultured  cells:  (a,  b) 
M DA-435  and  ABAE  cells  were  cultured  in  the  presence  of  varying 
concentrations  of  the  P4  peptide  and  100  jjLg/ml  of  the  random  peptide 
(control).  After  24  hr,  [3H)thymidine  was  added  to  the  cultures  for  an 
additional  10  hr  and  then  the  cells  were  harvested  and  the  amount  of 
incorporated  [3H]thymidine  was  determined.  The  P4  peptide  inhibited 
the  growth  of  both  cell  types  in  a  dose-dependent  fashion,  while  the 
control  samples  containing  the  random  peptides  had  little  or  no  effect. 
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Figure  2-  Effect  of  P4  on  the  growth  of  tumor  xenografts  on  the 
CAM  of  chicken  embryos:  B16  cells  were  applied  to  the  CAMs  of 
1 0-day-old  chicken  embryos  and  allowed  to  grow  for  2  days.  At  this 
point  the  embryos  were  injected  with  100  of  P4  or  the  random 
peptide  and  5  days  later  the  xenografts  were  harvested,  photographed 
and  weighed.  (a,b)  Injection  of  P4  resulted  in  a  significant  reduction  in 
the  size  of  the  xenografts  as  compared  to  the  random  peptide 
(/?<0.0 1 ).  (c)  The  weights  of  the  chicken  embryos  in  the  2  groups  were 
similar,  indicating  that  the  P4  peptide  did  not  inhibit  their 
development. 


The  interaction  of  P4  with  [3H]hyaiuronan  could  also  be  inhib¬ 
ited  by  both  chondroitin  sulfate  and  heparin  suggesting  that  the 
interaction  was  of  an  ionic  nature.  For  a  control  in  subsequent 
experiments,  we  used  the  P8  peptide  that  did  not  demonstrate 
significant  binding  activity  towards  hyaluronan.  This  peptide  was 
a  randomized  version  of  P7. 

Effect  of  P4  on  the  growth  of  tumor  cells 

Next,  we  examined  the  effects  of  P4  and  the  random  peptide  on 
the  growth  of  cultured  cells  as  judged  by  thymidine  incorporation. 
When  different  concentrations  of  P4  were  added  to  cultures  of 
MDA-435  (human  breast  cancer)  or  ABAE  (bovine  endothelial) 
cells,  their  proliferation  was  inhibited  as  compared  to  those  treated 
with  the  random  peptide  (Fig.  I a,b ).  Furthermore,  when  P4  was 
added  to  MDA-435  cells  suspended  in  soft  agar,  the  subsequent 
formation  of  colonies  was  greatly  reduced  (data  not  shown).  How¬ 
ever,  P4  had  little  or  no  effect  on  the  proliferation  of  relatively 
normal  cells,  such  as  Cos  7  (kidney  epithelium)  and  NIH-3T3. 
Thus,  the  effects  of  P4  vary  depending  upon  the  cell  type,  with 
tumor  and  endothelial  cells  being  particularly  sensitive. 

The  P4  peptide  had  a  similar  effect  on  B 16  cells  growing  on  the 
CAM  of  chicken  embryos.  When  P4  was  injected  i.v.  into  the 
CAMs  of  chicken  embryos  containing  B16  tumor  xenografts,  the 
tumor  growth  was  significantly  reduced  as  compared  to  those  from 
CAMs  injected  with  the  random  peptide  (p<0.01,  Fig.  2aM). 


Figure  3  -  The  growth  of  tumor  cells  transfected  with  an  expression 
vector  for  P4:  (a)  MDA-435  cells  transfected  with  either  an  empty 
expression  vector  or  one  containing  P4  cDNA  were  extracted,  sub¬ 
jected  to  Western  blotting  and  probed  with  a  rabbit  antibody  to  P4.  The 
expression  of  P4  is  apparent  in  cells  transfected  with  the  P4  expression 
vector  but  not  in  those  transfected  with  the  vector  alone.  (b,c)  Both 
control  and  P4  transfected  tumor  cells  were  inoculated  into  nude  mice 
and  3  weeks  later,  the  tumor  xenografts  were  harvested,  photographed 
and  weighed.  Both  the  size  and  the  weights  of  the  P4  expressing 
xenografts  were  significantly  smaller  than  the  control  counterparts 
(p<0.05).  {d)  Frozen  sections  were  prepared  from  the  tumor  xeno¬ 
grafts  and  stained  with  an  antibody  against  CD31  to  identify  endothe¬ 
lial  cells  (in  red).  Representative  views  show  that  the  xenografts 
formed  from  control  cells  (/.<?.,  vector  transfectants)  were  more  highly 
vascularized  than  those  formed  by  P4  transfectants.  (e)  The  number  of 
blood  vessels  in  10  random  fields  also  demonstrated  that  the  xeno¬ 
grafts  of  cells  transfected  with  the  P4  expression  vector  were  less 
vascularized  than  those  formed  by  control  cells. 


Significantly,  the  P4  had  no  apparent  toxic  effect  on  the  embryos 
as  judged  by  their  final  weights  (Fig.  2c). 

We  then  examined  the  effects  of  P4  on  the  growth  of  tumor  cells 
in  mice  following  transfection  with  an  expression  vector  to  achieve 
a  high  local  concentration  of  P4  in  the  tumor  cells.  For  this 
experiment,  the  amino  acid  sequence  of  P4  was  back-translated 
into  a  cDNA  sequence,  inserted  into  an  expression  vector  and  then 
transfected  into  MDA-435  cells.  The  resulting  transfected  cells 
expressed  the  P4  protein  based  on  Western  blotting  with  an  anti¬ 
body  against  P4  (Fig.  3 a).  When  the  cells  were  injected  into  nude 
mice,  the  tumor  xenografts  formed  by  the  P4  transfectants  were 
much  smaller  than  those  formed  by  those  transfected  with  a  control 
(empty)  vector  (Fig.  3 b,c).  A  similar  inhibition  of  cell  growth  was 
also  obtained  with  transfected  TSU  cells  (data  not  shown). 

To  determine  whether  the  difference  in  the  size  of  the  xenografts 
could  have  been  due  to  vascularization,  we  examined  the  blood 
vessel  density  by  staining  histological  sections  with  antibodies  to 
CD31,  a  marker  for  endothelial  cells.  As  shown  in  Fig.  3 cL  the 
density  of  blood  vessels  in  xenografts  formed  by  the  cells  trans¬ 
fected  with  P4  was  much  less  than  that  of  the  control  xenografts 
and  this  was  confirmed  by  computerized  image  analysis  (Fig.  3c). 

Inhibition  of  vascularization 

The  fact  that  tumor  xenografts  expressing  P4  had  fewer  blood 
vessels  than  their  control  counterparts  suggested  that  P4  may  be 
acting  on  vascularization.  To  further  test  this  possibility,  we  used 
an  angiogenesis  assay  in  which  filter  papers  containing  VEGF  and 
FGF-2  were  placed  on  the  CAMs  of  chicken  eggs,  and  then  P4  or 
the  random  peptide  were  injected  into  veins  of  the  CAMs.  Four 
days  later,  the  blood  vessels  in  the  CAMs  adjacent  to  the  paper  disk 
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Figure  4  -  The  effect  of  P4  on  angiogenesis  in  the  chicken  CAM:  For 
the  angiogenesis  assay,  disks  of  filter  paper  containing  both  VHGF  and 
FGF-2  were  placed  on  the  CAMs  of  7-day-old  chicken  embryos,  which 
were  also  injected  with  either  P4  or  random  peptide.  Four  days  later,  the 
CAM  immediately  adjacent  to  the  filter  paper  were  fixed  and  subjected  to 
computerized  image  analysis.  («)  Representative  images  of  the  CAMs 
show  that  in  the  P4  injeeted  samples,  there  was  significant  reduction  in  the 
number  of  blood  vessels  as  compared  to  those  injected  with  the  random 
peptide.  ( b )  Computerized  image  analysis  of  the  samples  showed  that 
injection  of  P4  resulted  in  a  50%  reduction  in  the  vessel  area  index  as 
compared  to  those  injected  with  the  random  peptide. 


was  were  examined  by  computerized  image  analysis  ancl  the  degree  of 
vascularization  was  expressed  as  the  ratio  of  the  area  of  blood  vessels 
normalized  to  the  total  area  viewed  under  the  microscope  (vessel  area 
index).  Figure  4  shows  that  P4  inhibited  the  vascularization  of  the 
CAM  as  compared  to  the  random  peptide  and  is  consistent  with  the 
possibility  that  P4  inhibits  the  growth  of  newly  forming  blood  vessels 
that  are  necessary  for  growing  tumors. 

Induction  of  apoptosis 

One  possible  mechanism  by  which  P4  could  be  acting  is  by 
inducing  apoptosis  in  either  endothelial  or  tumor  cells.  To  test  this 
possibility,  we  examined  the  effects  of  P4  on  several  markers  of 
apoptosis.  First,  wc  used  flow  cytometry  to  examine  staining  with 
annexin  V  which  binds  to  phosphatidylserine  residues  that  become 
exposed  on  the  outer  leaflet  of  the  plasma  membrane  during  the 
early  stages  of  apoptosis.,s  As  shown  in  Fig.  5a ,  when  either 
M DA-435  or  ABAfi  cells  were  exposed  to  P4  overnight,  there  was 
a  significant  increase  in  the  fraction  of  cells  demonstrating  positive 
annexin  staining  as  compared  to  equivalent  cells  that  had  been 
treated  with  the  random  peptide.  This  suggests  that  P4  can  induce 
apoptosis  in  both  tumor  and  endothelial  cells. 

Another  marker  of  apoptosis  is  DNA  fragmentation  that  occurs 
later  in  the  process.17  To  assay  for  this,  TSU  tumor  cells  were 
treated  with  either  P4  or  the  random  peptide,  and  the  DNA  was 
extracted  from  these  cells  and  subjected  to  agarose  gel  electro¬ 
phoresis.  As  shown  in  Figure  5b.  the  DNA  from  the  tumor  cells 
treated  with  P4  exhibited  clear  evidence  of  laddering  indicative  of 
apoptosis,  while  the  similar  cultures  treated  with  the  random 
peptide  did  not. 

We  then  examined  the  effect  of  P4  on  enzymes  associated  with 
the  apoplotic  pathway.20  For  this,  M DA-435  cells  were  treated 
with  either  P4  or  the  random  peptide  and  then  analyzed  by  Western 
blotting  for  caspase  9,  caspase  3,  PARP  and  tubulin.  Figure  6a 
shows  that  treatment  with  P4  resulted  in  the  activation  of  caspase 
9  and  3  and  the  cleavage  of  PARP,  whereas  no  difference  was 
apparent  in  the  a-tubulin  used  as  a  loading  control.  This  again 
suggests  that  P4  can  trigger  apoptosis. 

To  further  test  the  role  of  caspases  in  P4-induced  cell  death,  we 
examined  the  effect  of  Z-VAD-FMK  a  pan-caspase  inhibitor.21  As 
shown  in  Figure  6b,  Z-VAD-FMK  partially  reversed  the  inhibitory 
effects  of  P4  on  the  [3H]thymidine  incorporation  in  ABAE  cells. 
Thus,  P4  appears  to  be  acting  through  a  caspase  dependent  pathway. 

Taken  together,  these  results  suggest  that  P4  can  induce  apo¬ 
ptosis  in  tumor  and  endothelial  cells  and  this  may  be  responsible 
for  its  antitumor  activity. 


Figure  5  -  Induction  of  apoptosis  by  P4:  The  effect  of  the  peptides  on 
the  induction  of  apoptosis  was  tested  using  2  different  assays,  (a)  In  the 
first  assay,  M DA-435  and  ABAE  cells  were  incubated  overnight  with  the 
P4  or  random  peptides  (50  fxg/ml),  stained  w  ith  annexin  V  and  propidium 
iodide  and  then  analyzed  by  flow'  cytometry.  A  greater  proportion  of  the 
cells  treated  with  P4  stained  with  annexin  V  than  those  treated  with  the 
control  peptide,  indicating  that  apoptosis  was  stimulated  by  P4.  ( b )  In  the 
second  assay,  TSU  cells  were  cultured  in  the  presence  of  the  peptides  ( 1 00 
jjig/ml)  for  24  hr  and  then  the  DNA  was  extracted  and  analyzed  by  agarose 
gel  electrophoresis.  Laddering  of  the  DNA  was  clearly  apparent  in  cells 
treated  with  P4  but  not  in  those  treated  with  the  random  peptide,  indicating 
that  P4  can  induce  apoptosis. 


Figure  6  -  Effect  of  peptides  on  members  of  the  apoplotic  cascade: 
Two  different  techniques  were  used  to  determine  the  effect  of  P4  on 
the  apoptotic  cascade:  Western  blotting  and  effect  of  a  caspase  inhib¬ 
itor.  (</)  MDA-435  cells  were  treated  with  either  random  (control-P) 
peptides  or  P4  (50  p..g/ml)  for  8  hr.  extracted  with  detergents  and 
analyzed  by  Western  blotting  using  antibodies  to  caspase  9.  caspase  3. 
PARP  and  a-tubulin  (as  a  loading  control).  The  Hgure  shows  that  P4 
appears  to  enhance  the  levels  of  activated  caspase  9  and  caspase  3  as 
w'ell  as  promote  the  levels  of  cleaved  PARP,  one  of  the  down-stream 
targets  of  the  caspase  cascade.  This  indicates  that  P4  can  induce 
apoptosis  in  cultured  tumor  cells.  (/?)  ABAE  cells  w-'ere  cultured  in  the 
presence  of  the  pan-caspase  inhibitor  Z-VAD-FMK,  the  P4  peptide 
and  a  combination  of  the  2.  After  24  hr,  the  incorporation  of  J 1  FI  ] I h y - 
midine  was  examined.  Whereas  Z-VAD-FMK  by  itself  had  little  or  no 
effect  on  cell  proliferation,  it  partially  blocked  the  inhibitory  effects  of 
P4,  suggesting  that  the  effects  of  P4  are  at  least  partially  mediated 
through  the  caspase  cascade. 


Internalization  and  localization  of  P4  in  cells 

To  determine  the  mechanism  by  which  P4  induces  apoptosis,  we 
examined  the  interaction  of  P4  with  various  subeellular  organelles. 
To  accomplish  this,  cells  were  treated  with  FITC-P4  and  the 
distribution  of  the  fluorescent  label  u'as  followed  with  a  confocal 
microscope.  In  initial  experiments,  we  found  that  when  both  tumor 
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Figure  7  -  Internalization  of  FITC-P4:  To  follow  the  uptake  of  the  P4  peptide,  M DA-435  cells  were  cultured  with  1  p.g/ml  of  FITC-P4  in 
the  presence  and  absence  of  unlabeled  P4  for  l  hr  at  4!,C,  fixed  and  examined  microscopically.  ( o-ri )  Phase  and  confocal  fluorescent  microscopic 
views  of  the  cells  indicated  that  under  these  conditions  the  FITC-P4  became  associated  with  the  plasma  membrane  and  this  was  blocked  by  an 
excess  of  nonlabeled  P4  peptide,  (cj)  When  the  temperature  was  raised  to  37°C,  the  FITC-P4  was  internalized  by  the  cells,  and  appeared  to 
accumulate  in  the  perinuclear  region.  (gM)  To  trace  the  cellular  location  of  P4  in  greater  detail,  cells  were  incubated  with  FITC-P4  at  4°C  for 
I  hr,  at  which  point  MitoTracker  was  added  and  the  cells  were  further  incubated  at  37°C  for  20  min.  Then  the  cells  were  fixed  and  examined 
under  a  confocal  microscope.  The  intracellular  FITC-P4  (in  green,  g)  colocalized  with  MitoTracker  (in  red.  //)  shown  in  the  overlay  image  (in 
yellow,  /),  indicating  that  P4  was  transported  to  mitochondria,  a  central  organelle  in  the  apoplotic  pathway. 


and  endothelial  cells  were  maintained  at  4°C,  the  FITC-P4  bound 
to  their  surfaces  and  could  be  competed  off  by  an  excess  of 
nonlabeled  P4  (Fig.  la-d).  In  subsequent  experiments,  we  found 
that  when  the  temperature  was  raised  to  37  C,  the  MDA-435  cells 
rapidly  internalized  the  FITC-P4,  which  became  associated  with 
small  particles  located  next  to  the  nucleus  (Fig.  lej).  To  determine 
if  FITC -P4  interacted  with  the  mitochondria,  we  carried  out  a 
double-label  experiment  with  both  FITC  P4  and  MitoTracker,  a 
marker  for  mitochondria.  Figure  Ig  shows  that  the  intracellular 
FITC-P4  (in  green.  Fig.  Ig)  did  indeed  co-localized  with  Mito¬ 
Tracker  (in  red.  Fig.  6/?),  as  indicated  by  the  overly  imaging  (in 
yellow.  Fig.  70,  indicating  that  P4  was  transported  to  mitochon¬ 
dria,  a  central  organelle  in  the  apoptosis  pathway. 

The  association  between  P4  and  the  mitochondria  suggested  that 
it  might  also  alter  the  function  of  this  organelle.  In  particular,  it 
could  inhibit  the  membrane  potential  of  the  mitochondria  that  is 
essential  for  respiration.  To  test  this  possibility.  MDA-435  and 
ABAE  cells  were  treated  with  the  fluorescent  dye  JC-l  that 
changes  its  spectrum  depending  upon  the  membrane  potential  of 
the  mitochondria.17  As  shown  in  Figure  8,  we  found  that  treatment 
with  P4  caused  an  increase  in  the  fraction  of  cells  having  depo¬ 
larized  mitochondrial  membranes.  Taken  together,  these  results 
suggest  that  shortly  after  P4  is  taken  up  by  the  cells,  it  becomes 
associated  with  the  mitochondria  and  alters  their  membrane  po¬ 
tential. 

P4  binds  to  anti -apoplotic  be/ -2  and  Bd-.xf 

The  mitochondria  play  a  central  role  in  regulating  apoptosis. 
Indeed,  several  members  of  the  Bcl-2  family  interact  with  the 
mitochondria  to  control  its  function  as  well  as  the  apoptotic  cas¬ 
cade.  7 7  Thus,  it  is  possible  that  P4  interacts  with  Bcl-2  or  related 
proteins  on  the  mitochondria.  To  test  this  possibility,  we  examined 
the  binding  between  P4  and  Bcl-2  using  an  FI  .ISA.  For  this, 
immobilized  P4  was  probed  with  varying  concentrations  of  puri¬ 
fied  Bcl-2  followed  by  an  antibody  to  Bcl-2.  As  shown  in  Figure 
9.  the  Bcl-2  bound  to  the  P4  in  a  dose-dependent  fashion  but 


demonstrated  little  or  no  binding  to  the  random  peptide  or  to  wells 
coated  with  vehicle  alone. 

We  further  examined  the  interaction  between  P4  and  Bel-2  by 
immunoprecipitation.  For  this.  2931’  cells  were  transiently  trans¬ 
fected  with  an  expression  vector  coding  for  Bcl-2  or  Bcl-x,  fused 
to  green  fluorescence  protein  (GFP)  or  with  GFP  alone  as  a  control 
(Fig.  9b ,  lanes  1-3).  The  cells  were  then  incubated  with  biolin-P4, 
extracted  and  mixed  with  streptavidin-Sepharo.se  beads.  The  bound 
material  was  then  analyzed  by  Western  blotting  using  an  antibody 
to  GFP.  Figure  9b  shows  that  P4  could  pull  down  both  Bcl-2-GFP 
and  Bcl-xL-GFP  (lanes  5  and  6)  hut  had  no  effect  on  GFP  alone 
(lanes  4).  indicating  that  the  interaction  occurs  between  Bcl-2/ 
Bcl-xL  and  P4.  Similar  results  were  obtained  with  MCI  -7  cells 
transfected  with  a  Bcl-2  expression  vector  (data  not  shown). 

If  P4  exerts  its  effects  by  blocking  Bci-2-induced  apoptosis,  then 
the  ovei expression  of  Bcl-2  should  block  this  process.  To  lest  this 
possibility,  MCF-7  cells  were  transfected  with  an  expression  vec 
tor  for  Bcl-2  or  an  empty  vector  and  then  tested  for  their  response 
to  P4  by  thymidine  incorporation.  When  the  parental  MCF-7  cells 
were  treated  with  P4  overnight,  they  detached  from  the  substratum, 
became  rounded  and  condensed,  whereas  this  did  not  occur  with 
their  counterparts  treated  with  the  random  peptide.  However,  when 
the  MCF-7  cells  that  over-expressed  Bcl-2  were  treated  with  P4, 
they  were  much  less  susceptible  to  cell  damage  compared  to  the 
vector  transfected  cells  (46%  of  Bcl-2  high  expressing  cells  r.s. 
70%  of  control  cells).  Thus,  excess  levels  of  Bcl-2  appears  to 
reduce  the  toxic  effects  of  P4,  which  again  suggests  that  Bcl-2  is 
the  target  of  P4. 

Release  of  cytoc  hrome  c 

To  determine  if  P4  initialed  apoptosis  by  destabilizing  the 
mitochondria,  we  performed  an  in  vitro  assay  to  detect  the  release 
of  cytochrome  c.  A  crude  preparation  of  mitochondria  was  isolated 
from  MDA-435  cells  by  differential  centrifugation  and  divided 
into  3  fractions  that  were  treated  with  vehicle  alone,  a  random 
peptide  and  P4,  respectively.  The  3  samples  were  centrifuged  to 
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Figure  8  Depolarization  of  mitochondria  membranes:  MDA-435 
and  ABAE  cells  were  treated  with  50  p,g/ml  of  a  random  peptide 
(controI-P)  or  P4  overnight,  stained  with  JC-1  and  analyzed  by  flow 
cytometry  to  distinguish  those  with  a  high-green  and  low-red  fluores¬ 
cence  (indicative  of  depolarized  mitochondria).  A  higher  percentage  of 
the  P4-t rented  cells  had  depolarized  mitochondria  as  compared  to  cells 
treated  with  the  random  peptide. 


separate  the  pellets  containing  the  particulate  fraction  from  the 
supernatants  containing  the  soluble  components.  All  of  the  result¬ 
ing  fractions  were  then  analyzed  by  Western  blotting  for  cyto¬ 
chrome  c.  Figure  10  shows  that  increased  cytochrome  c  was 
detected  in  the  supernatant  of  samples  treated  with  P4  (lane  3)  but 
not  in  those  treated  with  either  the  random  peptide  or  vehicle  alone 
(lane  l  and  2). 

DISCUSSION 

Based  on  the  results  of  our  study,  we  propose  the  following 
multi  step  model  to  account  for  the  effects  of  P4  on  tumor  growth: 
I)  P4  bind  to  hyaluronan  or  other  glycosaminoglycans  on  the 
surfaces  of  tumor  and  endothelial  cells  and  is  taken  up  into  the 
cytoplasm,  2)  the  peptide  then  binds  to  Be  I -2  and  related  proteins 
on  mitochondria,  3)  this  interaction  inhibits  the  membrane  poten¬ 
tial  of  the  mitochondria  and  leads  to  the  release  of  cytochrome  c 
into  the  cytoplasm.  4)  the  free  cytochrome  c  activates  caspase  9 
that  initiates  the  cascade  of  downstream  effectors,  and  5)  this 
induces  apoptosis  in  the  target  cells  that  results  in  the  inhibition  of 
tumor  growth.  The  evidence  for  each  of  these  steps  will  summa¬ 
rized  as  follows. 

The  first  step  of  our  model  is  that  P4  preferentially  targets  the 
surfaces  of  tumor  and  endothelial  cells.  We  believe  that  this 
preference  is  due  to  ability  of  P4  to  bind  to  hyaluronan  and  other 
glycosaminoglycans,  which  was  the  basis  of  its  initial  selection.  A 
number  of  studies  have  shown  that  hyaluronan  is  up-regulated  on 
rapidly  proliferating  cells  including  both  tumor  and  endothelial 
cells  and  this  could  account  for  the  relatively  selective  activity  of 
the  P4  against  proliferating  as  opposed  to  not-nonprol iterating 
cells.2’  24  The  results  of  confocal  microscopic  studies  have  indi¬ 
cated  that  once  P4  had  bound  to  the  cell  surfaces,  it  was  quickly 
internalized.  Perhaps  the  uptake  of  the  P4  is  mediated  by  CD44 
which  is  responsible  for  the  uptake  of  hyaluronan  into  endosomes 
and  lysosomes,2^  Presumably,  the  P4  could  then  enter  the  cyto¬ 


plasm  by  either  passive  leakage  or  by  active  transport  as  has  been 
shown  to  be  the  case  with  vacuoles. 2fl 

In  the  second  step  of  this  model,  P4  becomes  associated  with 
Bcl-2  and  related  proteins  on  the  mitochondrial  membrane.  Direct 
evidence  from  both  ELISA  and  immunoprecipitation  experiments 
have  indicated  that  P4  binds  to  Bcl-2  and  Bcl-xL.  More  indirect 
evidence  is  provided  by  confocal  microscopy  experiments  that 
show  that  FITC-P4  becomes  associated  with  the  mitochondria  that 
have  both  Bcl-2  and  Bcl-Xj  on  their  surfaces.  Finally,  experiments 
have  shown  that  cells  that  overexpress  Bcl-2  are  relatively  resistanl 
to  the  P4-induced  apoptosis.  Again,  this  is  consistent  with  our 
postulate  that  P4  interacts  with  Bcl-2  and  related  proteins.  Pre¬ 
sumably,  the  physical  association  of  P4  with  Bd-2  and  Bcl-x, 
alters  the  activity  of  these  molecules. 

In  the  next  step  of  our  model,  we  postulate  that  P4  inhibits  the 
function  of  the  mitochondria  and  causes  the  release  of  cytochrome 
c.  This  situation  is  consistent  with  other  studies  showing  that  the 
Bcl-2  and  related  molecules  control  the  stability  of  the  mitochon¬ 
dria.22  In  particular,  the  anti-apoptotic  Bci-2  family  members  are 
believed  to  be  anchored  to  the  mitochondrial  membranes  and  form 
a  large  macrornolecular  lattice  structure  that  also  includes  Apaf-1, 
an  adaptor  for  caspase  9.  When  these  proteins  bind  to  pro-apop- 
totic  member  of  the  Bcl-2  family,  the  lattice  conformation  is 
altered,  forming  ion-conducting  channels  and  releasing  Apaf-1  and 
cytochrome  c  into  the  cytosol.20  In  our  study.  How  cytometry 
experiments  have  shown  that  shortly  after  exposure  to  P4,  the 
spectrum  of  JC-1  is  altered,  suggesting  that  the  membrane  poten¬ 
tial  of  mitochondria  is  inhibited.  At  the  same  time.  P4  also  appears 
to  cause  the  release  of  cytochrome  c.  which  was  demonstrated  with 
the  mitochondrial  preparations.  Presumably,  the  binding  of  P4  to 
Bcl-2  alters  the  integrity  of  the  mitochondria  and  this  leads  to  the 
release  of  cytochrome  c. 

In  the  fourth  step  of  our  model,  the  cytochrome  c  released  by  the 
mitochondria  activates  the  caspase  cascade  leading  to  apoptosis. 
Again,  this  is  supported  by  several  lines  of  evidence.  For  example. 
Western  blotting  has  shown  that  exposure  of  cells  to  P4  results  in 
the  activation  of  caspase  9  as  would  be  expected  from  the  inter¬ 
action  between  cytochrome  c  and  Apaf-1  Similarly,  other  down¬ 
stream  members  of  the  apoptotic  cascade  such  as  caspase  3  and 
PARP  were  also  activated.  The  induction  of  apoptosis  in  the  target 
cells  was  clearly  demonstrated  by  increased  staining  with  annexin 
V,  an  early  marker  of  apoptosis,  as  well  as  by  DNA  fragmentation 
that  occurs  during  later  stages.17'18  A  final  piece  of  evidence  that 
caspases  are  involved  in  mediating  the  P4-induced  apoptosis  is  that 
the  pan-caspase  inhibitor  Z-VAD-FMK  blocked  the  effects  of  P4 
on  tumor  cells. 

In  the  final  step  of  our  working  model,  the  apoptosis  of  the  target 
cells  inhibits  the  growth  of  tumors.  This  was  supported  by  the  fact 
that  injection  of  P4  peptide  inhibited  the  growth  of  tumor  cells  on 
the  CAM  of  chicken  embryos  and  that  transfection  of  tumor  cells 
with  P4  expression  vectors  inhibited  their  growth  in  mice.  It  is 
important  to  note  that  the  P4  peptide  did  not  appear  to  be  toxic  to 
the  host  tissue  since  it  had  no  effect  on  the  growth  or  development 
of  the  chicken  embryos  or  the  weight  of  the  mice. 

The  P4  peptide  may  be  inhibiting  tumor  growth  by  both  direct 
and  indirect  mechanisms.  The  direct  mechanism  involves  the  tu¬ 
mor  cells  themselves  as  suggested  by  the  fact  that  P4  inhibits 
tumor  cells  growing  in  tissue  culture.  The  indirect  mechanism 
involves  the  endothelial  cells  that  are  responsible  for  neovascular¬ 
ization  of  the  tumors.  When  the  P4  peptide  was  applied  to  the 
chicken  CAM  it  inhibited  the  vascularization  induced  by  VEGF 
and  FGF-2.  In  addition,  histological  analysis  of  the  xenografts 
formed  by  tumor  cells  expressing  P4  in  nude  mice  revealed  that 
there  was  a  decreased  density  of  blood  vessels  as  compared  to 
control  xenografts.  Thus.  P4  appears  to  be  acting  both  at  the  level 
of  tumor  cells  as  well  as  on  endothelial  cells  that  are  responsible 
for  neovascularization  of  the  tumors.  This  may  be  similar  to  the 
situation  with  several  other  chemotherapeutic  agents  that  have 
been  shown  to  target  both  tumor  as  well  as  endothelial  cells.27 
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Figurk  9  Binding  of  P4  to  Bcl-2  and  Bcl-x,  .  The  interaction  between  P4  and  Bcl-2  was  examined  with  an  ELISA  and  by  immunopre- 
cipitation.  (r/)  For  the  ELISA,  varying  concentrations  of  Bcl-2  were  added  to  the  wells  of  an  ELISA  plates  that  had  been  coated  with  either  P4, 
a  random  peptide  or  saline.  After  blocking,  the  wells  were  incubated  sequentially  with  antibodies  directed  against  Bcl-2,  peroxidase-labeled 
secondary  antibodies  and  finally  a  peroxidase  substrate.  The  OD4()S  was  determined  using  an  ELISA  reader  and  showed  that  Bcl-2  bound  to  wells 
coated  with  the  P4  peptide  but  not  to  those  coated  with  the  random  peptide  or  uncoated  (saline).  (/?)  For  the  immunoprecipitation  assay.  293 T 
cells  were  transiently  transfected  with  expression  vectors  for  GFP  alone  (control)  and  for  Bcl-2  and  Bcl-x,  fused  to  GFP.  As  shown  in  lanes  1 
through  3,  the  transfected  cells  expressed  each  of  these  proteins  as  determined  by  Western  blotting  with  antibodies  to  GFP.  The  cells  were  then 
extracted  in  a  detergent  solution,  mixed  with  biotinylated  P4,  precipitated  with  streptavidin-Sepharose  and  analyzed  by  Western  blotting.  Lanes 
4  through  6  show  the  P4  brought  down  both  the  Bcl-x,  -GFP  and  Bcl-2-GFP  but  not  GFP  itself.  These  results  suggest  that  P4  binds  to  Bcl-2  and 
Bcl-x, . 
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Figi  rk  10  -  Effect  ol  P4  on  the  release  of 
cytochrome  c:  A  crude  preparation  of  mito¬ 
chondria  was  isolated  from  M DA-435  cells 
by  differential  centrifugation  and  divided  inlo 
3  equal  fractions.  One  fraction  was  treated 
with  vehicle  alone,  another  with  a  random 
peptide  (control-P)  and  the  third  with  P4.  The 
samples  were  then  centrifuged  (1 5. ()()()#)  to 
pellet  the  mitochondria.  The  supernatants 
(containing  the  released  cytochrome  e)  and 
the  pellets  (containing  the  mitochondria)  were 
collected  and  analyzed  by  Western  blotting 
with  antibodies  to  cytochrome  c.  In  the  2 
control  samples  (lanes  I  and  2).  most  of  the 
cytochrome  c  was  present  in  pellet,  whereas 
in  the  samples  treated  with  P4  (lane  3)  most 
of  the  cytochrome  e  was  in  the  soluble  super¬ 
natant. 


P4  appears  to  be  structurally  unrelated  to  other  peptides  that 
can  interact  with  Bcl-2.  Most  proteins  in  the  Bci-2  family 
contain  a  BH3  domain  that  mediates  the  interaction  with  other 
family  members  and  helps  regulate  the  induction  of  apoptosis. 
Given  its  importance,  a  number  of  studies  have  attempted  to 
identify  peptides  that  interact  with  Bcl-2  or  Bcl-x,  and  antag¬ 
onize  their  function.  For  example,  Sattler  synthesized  peptides 
containing  the  BH3  domains  of  several  Bcl-2  family  members 
and  found  that  many  of  them  could  bind  to  Bcl-x,  .2S  Synthetic 
BH3  peptides  from  pro-apoptotic  members  of  the  Bcl-2  family 
have  an  apoptosis- inducing  activity.29  However,  when  we  com¬ 
pared  the  structures  of  the  peptides  with  that  of  P4,  we  were 
unable  to  identify  any  similarity. 

On  the  other  hand,  P4  does  exhibit  some  structural  similarity  to 
other  biologically  active  peptides.  For  example,  Mummert  et  al.M) 
used  phage  display  to  identify  a  peptide  consisting  of  12  amino 
acids  that  binds  specifically  to  hyaluronan.  This  peptide  contains  2 


basic  amino  acids  separated  by  a  sequence  of  8  amino  acids  similar 
to  that  found  in  P4.  However,  in  contrast  to  P4,  the  peptide 
describe  by  Mummert  et  al.M)  binds  specifically  to  hyaluronan  and 
not  to  chondroitin  sulfate.  This  peptide  blocked  the  interaction 
between  lymphocytes  and  hyaluronan,  which  inhibited  a  number 
of  inflammatory  reactions.  Another  biologically  active  peptide  was 
described  by  Ellerby  et  a/.31  that  appears  to  target  mitochondria 
and  trigger  apoptosis.  This  peptide  also  has  a  high  positive  charge 
similar  to  that  found  in  P4;  however  it  is  not  clear  whether  it  can 
bind  to  hyaluronan.  Finally,  tachyplesin  is  a  small  peptide  found  in 
the  hemocytes  of  horseshoe  crabs  that  has  antibiotic  activity.32 
Recently,  we  have  reported  that  this  compound  can  induce  apo¬ 
ptosis  in  cultured  cells  and  block  tumor  growth.  This  peptide  also 
has  a  high  positive  charge  similar  to  that  of  P4.  Based  on  our 
results,  we  speculate  that  the  antitumor  activity  of  these  latter  2 
compounds  may  be  mediated  by  a  mechanism  similar  to  that 
described  here  for  P4. 
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There  are  a  number  of  issues  that  should  be  addressed  concern¬ 
ing  the  potential  use  of  P4  or  related  compounds  for  the  treatment 
of  cancer.  First,  it  is  important  to  note  that  relatively  high  concen¬ 
trations  of  the  peptide  are  required  to  achieve  antitumor  activity 
both  in  vivo  and  in  vitro.  While  P4  appears  to  be  relatively 
nontoxic  to  normal  tissues,  the  high  concentrations  needed  make 
administration  cumbersome.  Secondly,  since  the  peptide  is  small, 
its  half-life  in  circulation  is  relatively  short.  Again,  this  necessi¬ 
tates  the  use  of  large  amounts  of  material  over  frequent  intervals. 
However,  it  may  be  possible  to  design  related  peptides  that  over¬ 
come  these  limitations.  For  example,  it  may  be  possible  to  produce 
recombinant  versions  of  the  peptide  containing  a  greater  number  of 
basic  motifs  that  results  in  a  higher  affinity  for  both  hyaluronan 


and  for  Bcl-2.  At  the  same  time,  the  increased  size  of  the  com¬ 
pounds  could  prolong  their  half-life  in  circulation.  Such  com¬ 
pounds  may  demonstrate  superior  antitumor  activity  while  mini¬ 
mizing  their  negative  side  effect. 
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Abstract 

Tachyplesin  is  a  small,  cationic  peptide  that  possesses 
antitumor  properties.  However,  little  is  known  about  its 
action  mechanism.  We  used  phage  display  to  identify'  a 
protein  that  interacted  with  tachyplesin  and  isolated  a 
sequence  corresponding  to  the  collagen-like  domain  of  Clq, 
a  key  component  in  the  complement  pathway.  Their  interac¬ 
tion  was  subsequently  confirmed  by  both  ELISA  and  affinity 
precipitation.  Tachyplesin  seemed  to  activate  the  classic 
complement  cascade  because  it  triggered  several  downstream 
events,  including  the  cleavage  and  deposition  of  C4  and  C3 
and  the  formation  of  C5b-9.  When  TSU  tumor  cells  were 
treated  with  tachyplesin  in  the  presence  of  serum,  activated 
C4b  and  C3b  could  be  detected  on  tumor  cells  by  flow 
cytometry,  Western  blotting,  and  confocal  microscopy.  How¬ 
ever,  this  effect  was  blocked  when  the  tumor  cells  were  treated 
with  hyaluronidase  or  a  large  excess  of  hyaluronan,  indicating 
that  hyaluronan  or  related  glycosaminoglycans  were  involved 
in  this  process.  Treatment  of  cells  with  tachyplesin  and  serum 
increased  in  membrane  permeability  as  indicated  by  the 
ability  of  FITC-dextran  to  enter  the  cytoplasm.  Finally,  the 
combination  of  tachyplesin  and  human  serum  markedly 
inhibited  the  proliferation  and  caused  death  of  TSU  cells, 
and  these  effects  were  attenuated  if  the  serum  was  heat- 
inactivated  or  if  hyaluronidase  was  added.  Taken  together, 
these  observations  suggest  that  tachyplesin  binds  to  both 
hyaluronan  on  the  cell  surface  and  Clq  in  the  serum  and 
activates  the  classic  complement  cascade,  which  damages  the 
integrity7  of  the  membranes  of  the  tumor  cells  resulting  in 
their  death.  (Cancer  Res  2005;  65(11):  4614-22) 

Introduction 

Small  peptides  represent  a  promising  new  group  of  compounds 
in  the  fight  against  cancer  (1-3).  Of  particular  interests  are 
naturally  occurring  peptides  that  have  antimicrobial  activity,  many 
of  which  also  have  anLitumor  activity  (4-6),  To  date,  >100  antibiotic 
peptides  have  been  described  and  these  can  be  arbitrarily  classified 
into  three  major  groups  based  on  their  structure:  linear  peptides, 
disulfide-linked  peptides  (such  as  defensins  and  tachyplesins;  refs. 
7-9),  and  those  containing  posttranslationaliy  modified  amino 
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acids.  In  most  cases,  these  peptides  contain  cationic  amino  acids 
that  can  interact  electrostatically  with  the  anionic  head  groups  of 
phospholipids  found  in  negatively  charged  membranes.  Once  these 
peptides  bind  to  the  membrane,  their  amphipathic  helices  can 
distort  the  lipid  bilayer  (with  or  without  the  formation  of  pores), 
resulting  in  the  loss  of  membrane  integrity.  For  example, 
polyphemusin  I,  a  cationic  antimicrobial  peptide  obtained  from 
the  horseshoe  crab,  has  been  shown  to  bind  lipopolysaccharide 
coat  of  bacteria  and  permeabilize  the  outer  membrane.  However,  iL 
did  not  have  any  affinity  for  neutral  lipids  (10).  The  membranes  of 
both  prokaryotic  cells  and  the  mitochondria  of  eukaryotic  ceLls 
maintain  a  large  transmembrane  potential  and  have  a  high  conLent 
of  anionic  phospholipids,  reflecting  their  common  ancestry.  In 
contrast,  the  plasma  membranes  of  eukaryoLic  cells  generally  have 
a  low  potential  and  are  composed  almost  exclusively  of 
zwitterionic  phospholipids  (11).  Many  antibacterial  peptides, 
therefore,  preferentially  disrupt  prokaryotic  and  mitochondrial 
membranes  (12,  13). 

Tachyplesin,  a  small  peptide  composed  of  L7  amino  acids,  is 
isolated  from  the  horseshoe  crab  (14).  If  has  an  amphipathic 
structure  conferred  by  two  antiparaJlel  (Vsheets  held  rigidly  in 
place  by  two  disulfide  bonds.  This  structure  seems  Lo  be  critical  for 
its  antimicrobial  activity  (15).  Previously,  we  found  that  a  synthetic 
version  of  tachyplesin  conjugated  to  the  integrin  homing  domain 
RGD  blocked  the  growth  of  tumor  cells  both  in  vitro  and  in  vivo  (5). 
RGD-tachyplesin  inhibited  the  proliferation  of  both  cultured  tumor 
and  endothelial  cells  and  reduced  the  colony  formation  of  TSU 
cancer  cells.  Importantly,  in  vivo,  it  could  inhibit  the  growth  of 
tumors  via  induction  of  apoptosis  in  both  tumor  and  endothelial 
cells  evidenced  by  activation  of  several  caspases  in  both  the 
mitochondrial  and  Fas-dependent.  pathways.  More  recently,  we 
found  that  tachyplesin  by  itself  (i.e„  without,  the  RGD  domain) 
couJd  inhibit  tumor  growth  in  the  presence  of  normal  serum  even 
against  cells  that  overexpress  the  multiple-drug  resistant  gene 
(data  not  shown). 

However,  little  is  known  about  the  action  mechanism  of 
tachyplesin  and  it  is  unclear  how  it  affects  the  plasma  membranes 
of  eukaryotic  cells.  The  present  study  was  to  elucidate  the 
mechanism  by  which  tachyplesin  was  able  to  inhibit  the  growth 
of  tumor  and  endothelial  cells.  Using  the  T7  phage  display 
technique,  we  identified  the  Clq  subcomponent  of  human 
complement  1  as  a  potential  target  of  tachyplesin.  The  interaction 
between  Clq  and  tachyplesin  was  confirmed  by  an  ELISA  and  by 
affinity  precipitation.  The  binding  of  tachyplesin  to  Clq  seems  to 
trigger  the  activation  of  the  classic  complement  pathway  and  leads 
to  the  killing  of  TSU  tumor  cells.  Interestingly,  this  effect  was 
blocked  if  the  target  cells  were  pretrealed  with  hyaluronidase  or  an 
excess  of  hyaluronan.  This  indicates  that  tachyplesin  may  initially 
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target  hyaluronan  and  related  compounds  on  the  cell  surface  and 
subsequently  bind  to  Clq  in  the  serum  to  activate  the  complement 
pathway.  This  represents  a  new  mechanism  for  an  antitumor 
agent. 

Materials  and  Methods 

Peptides  and  reagents.  Two  peptides  were  chemically  synthesized: 
tachyplesin  that,  consists  of  the  sequence  KYVCFRVCYRG1CYRRCR  and  a 
control  peptide  that  contained  the  same  amino  acids  but  in  a  scrambled 
sequence.  To  impede  enzymatic  degradation  of  these  peptides,  the  NTH 
terminals  were  acetylated  and  the  COOH  terminals  were  amidated. 

Normal  human  sera  were  obtained  from  healthy  volunteers.  In  some 
experiments,  the  serum  was  incubated  at  56°C  for  30  minutes  to  inactivate 
the  complement  system. 

Reduction,  alkylation,  and  acetylation  of  tachyplesin.  The  derivati- 
zation  of  the  peptides  was  done  as  described  by  Prohaszka  (7).  A  1  mg/mL 
solution  of  tachyplesin  in  PBS  was  incubated  with  20  mmol/L  DTT  at  37°C 
for  3  hours,  followed  by  the  addition  of  60  mmol/L  iodoacetamide  at  4°C 
for  1  hour,  which  resulted  in  the  complete  reduction  of  disulfide  bonds  and 
the  alkylation  of  the  free  -SH  groups.  The  peptides  were  then  dialyzed 
(molecular  weight  cutoff  1,000:  Spectro/Pro)  against  water.  Aliquots  of  the 
resulting  peptides  were  further  acetylated  with  acetic  anhydride  overnight. 
The  reduced,  alkylated,  and  acetylated  peptides  were  thoroughly  dialyzed 
against  water,  concentrated,  and  kept  at  — 20°C  until  use. 

Phage  display.  A  T7  phage  library  of  cDNA  sequences  from  human 
breast  tumor  cells  (T7  Select)  containing  1.6  x  107  recombinants  was 
purchased  from  Novagen  (Madison,  Wl).  Tachyplesin  or  control  peptide 
(5  pg/mL)  was  coated  onto  Microtiter  wells  (Micro  Membranes,  Inc., 
Newark,  NJ)  overnight  at  4°C  and  blocked  with  1%  bovine  serum  albumin. 
After  washing.  2  x  109  plaque-forming  units  of  the  library  were  added  to 
each  well  and  incubated  overnight  at  4°C  The  wells  were  then  washed  five 
times  with  0.1%  Tween  20  in  TBS.  The  bound  phages  were  recovered  with 
4  mol/L  urea,  diluted  with  TBS,  and  amplified  in  Escherichia  coli  in  top 
agarose  gel.  After  3-hour  incubation,  the  phage  plagues  were  harvested  for 
the  next  round  of  screening.  This  procedure  was  repeated  four  to  five  times 
until  the  plagues  recovered  in  tachyplesin-coated  wells  outnumbered  those 
in  control  peptide  wells  by  100-fold.  Ten  positive  colonies  were  picked 
randomly  and  the  DNA  fragments  encoding  the  binding  protein  were 
amplified  by  PCR  using  T7  Select  Primer  Up/Down  pair  and  subjected  to 
dideoxy  sequencing.  Eight  of  ten  plaques  gave  an  identical  sequence.  The 
deduced  amino  acid  sequence  was  then  used  to  search  for  their  molecular 
identities  and  homologies  using  BLASTN  2.2.6  from  Genbank  +  European 
Molecular  Biology  Laboratory  +  DNA  Data  Bank  of  Japan  +  Protein  Data 
Bank  sequence  databases. 

ELISA.  In  most  cases,  microtiter  plates  were  coated  overnight  with 
human  Clq  protein  or  peptide  diluted  in  coating  buffer  [0.1  mol/L  Na2C03/ 
NaHCO'j  (pH  9.6) J  and  then  blocked  with  2%  bovine  serum  albumin  for 
2  hours  at  room  temperature.  All  subsequent  steps  were  done  in  1%  gelatin 
in  veronal -buffered  saline  (VBS)  consisting  of  5  mmol/L  sodium  barbital,  150 
mmol/L  NaCI,  0.15  mmol/L  CaCE,  and  1  mmol/L  MgCl2  unless  otherwise 
indicated,  and  each  step  was  followed  by  three  washes  with  0.1%  Tween  20 
in  PBS.  The  enzymatic  activity  of  peroxidase  was  assessed  by  the  addition  of 
2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic  acid  (AJBTS,  Sigma  St.  Louis, 
MO)  and  1 1202.  The  plate  was  read  at  a  wavelength  of  405  nm. 

To  confirm  the  binding  of  tachyplesin  to  Clq,  two  assays  were  done.  First 
the  purified  Clq  (Sigma)  were  coated  onto  microtiter  plates  and  the 
biotinylated  tachyplesin  was  added  at  room  temperature  for  2  hours 
followed  by  peroxidase-conjugated  streptavidin  and  ABTS  substrate. 
Second,  in  reverse,  the  tachyplesin  or  the  control  peptide  was  coated  and 
then  Clq  or  normal  human  serum  was  added  to  the  plate.  The  bound  Clq 
was  determined  with  a  polyclonal  rabbit  antibody  to  Clq  (1:1,000  dilution, 
DAKO,  Carpi nteria,  CA)  followed  by  a  peroxjdase-conjugated  antirabbit  IgG. 

To  detect  the  activation  of  the  classic  complement  pathway,  ELISA-based 
assays  were  done  on  plates  coated  with  peptides  (10  pg/mL)  that 
were  incubated  with  normal  human  serum  diluted  in  VBS  (C4b  1:2  for 


30  minutes,  C3b  1:2  for  20  minutes,  and  C5b-9  1:20  for  60  minutes)  at  room 
temperature  according  to  their  turnover  rate  (16,  17).  The  activated 
components  were  assessed  using  goat  polyclonal  antibodies  to  C4  (1CN. 
Aurora,  OH)  and  to  C3  and  a  rabbit  polyclonal  antibody  to  C5b-9  complex 
(Calbiochem,  San  Diego,  CA). 

Affinity  precipitation  and  Western  blotting.  The  serum  samples 
(200  pL)  were  preabsorbed  with  50  pL  of  streptavidin-Scpharose  beads 
(Amersham,  Piscataw'ay,  NJ)  and  then  incubated  with  biotinylated 
tachyplesin  (20  pg)  and  streptavidin-Sepharose  beads  (50  pL)  overnight  at 
4°C.  After  washing,  the  bound  proteins  were  eluted  from  the  beads  with 
60  pL  of  Laemmli  sample  buffer  (under  reducing  conditions)  and 
electrophoresed  on  a  10%  SDS-PAGE  gel.  After  transfer  to  sheet  of 
hydrophilic  polyvinylidene  fluoride  (PVDF),  the  blot  was  immunostained 
with  polyclonal  antibodies  to  Clq  (1:1,000)  or  to  C4  (1:5,000)  followed  by  a 
peroxjdase-conjugated  secondary  antibody.  The  immunopositive  bands 
were  detected  using  Super  Signal  West  Pico  Chemiluminescent  substrate 
(Pierce.  Rockford,  IL). 

For  the  analysis  of  C3b  deposition.  TSU  cells  were  incubated  in  10% 
normal  human  serum  along  with  tachyplesin  or  control  peptide  at  37 °C  for 
60  minutes.  After  washing,  the  cells  were  harvested  in  lysis  buffer  (1%  Triton 
X-100,  0.5%  sodium  deoxycholate,  1  mmol/L  EDTA.  0.5  mg/mL  leupeptin, 
1  mg/mL  pepstatin,  and  0.2  mmol/L  phenylmethylsulfonyl  fluoride).  T  he 
protein  concentration  of’  the  cell  lysates  was  determined  with  the  BCA 
reagent  (Pierce).  Twenty  micrograms  of  protein  from  each  lysate  were 
electrophoresed  on  a  10%  SDS-PAGE  gel  and  then  transferred  to  sheet  of 
PVDF.  The  sheet  was  blocked  in  ,5%  nonfat  milk  and  incubated  with  a 
polyclonal  antibody  to  C3  (1  pg/mL)  overnight  at  4°C  followed  by  a 
peroxidase-labeled  secondary  antibody  and  a  chemiluminescent  substrate 
as  described  above. 

Fluorescence-activated  cell  sorting  analysis.  To  analyze  the  attach¬ 
ment  of  tachyplesin  to  the  cell  surface.  TSU  tumor  cells  were  harvested  with 
10  mmol/L  EDTA  and  incubated  in  the  presence  or  absence  of  0.1  mg/mL 
testicular  hyaluronidase  (H4272,  Sigma)  for  1  hour  at  37°C.  FITC- 
tachyplesin  (1  pg/mL)  with  or  without  200  pg/mL  of  hyaluronan  (Lifecore, 
Chaska,  MN)  was  then  added  to  the  TSU  cells  and  incubated  at  1  t  for 
30  minutes  followed  by  fixation  with  freshly  prepared  formaldehyde.  The 
binding  of  FITC-tachvplesin  to  the  cell  surface  was  analyzed  by  flow 
cytometry. 

For  analysis  of  deposition  of  complement  components  on  cell  surface, 
TSU  tumor  cells  were  again  harvested  with  ED'VA  and  incubated  in  the 
presence  or  absence  of  0.1  mg/mL  testicular  hyaluronidase  for  1  hour  at 
37°C.  Then,  100  pg/mL  of  the  peptides  dissolved  in  VBS  was  added  to  the 
cell  cultures  in  the  presence  or  absence  of  10%  normal  human  serum  and 
the  cells  were  incubated  for  20  minutes  at  room  temperature.  The  cells  were 
washed,  incubated  sequentially  with  goat  polyclonal  antibody  to  human  C4 
or  C3  (20  pg/mL,  30  minutes  at  4°C),  KITC-conjugated  donkey  anti-goat 
antibody  (1:200,  30  minutes,  at  4°C),  and  finally  propidium  iodide.  The  cells 
were  analyzed  by  fluorescence-activated  cell  sorting  (FACS)  within  1  hour. 

The  permeability  of  the  plasma  membrane  was  analyzed  by  staining  with 
FITC-dextran  [Mr  40,000,  Molecular  Probes.  Eugene,  OR).  For  this,  TSU  cells 
grown  to  80%  confluence  were  incubated  with  tachyplesin  (50  pg/mL)  in 
the  presence  of  10%  human  serum  overnight  After  harvesting,  the  cells 
were  incubated  with  5  pg/mL  of  FITC-dextran  for  30  minutes  and  then 
subjected  to  flow  cytometry  analysis. 

Confocal  microscopy.  All  cells  were  maintained  in  improved  MEM 
medium  supplemented  with  10%  FCS,  2  mmol/L  i -glutamine,  and 
antibiotics  in  5%  C02/95%  air.  For  analysis  of  deposition  of  complement 
components  on  cell  surface.  TSU  cells  were  seeded  on  coverlids  at  50%  to 
60%  confluence  18  to  24  hours  before  treatment  and  then  incubated  with 
tachyplesin  (50  pg/mL)  in  the  presence  of  10%  normal  human  serum  for 
20  minutes.  After  washing,  a  polyclonal  antibody  to  C3  (1:200)  was  added  to 
the  cells  at  4°C  for  30  minutes  followed  by  a  FITC-labeled  secondary 
antibody  (1:200).  After  fixation  in  4%  formaldehyde,  the  coverslips  were 
mounted  using  Prolong  Antifade  kit  (Molecular  Probes)  and  analyzed  with  a 
confocal  microscopy. 

To  detect  binding  of  tachyplesin  to  the  cell  surface.  TSU  tumor  cells 
cultured  on  coverslips  were  incubated  with  FlTC-tachyplesin  (1  pg/ml.)  at 
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4°C  for  30  minutes.  After  washing  and  fixating  with  4%  formaldehyde,  the 
cells  were  examined  with  a  confocal  microscopy. 

[3H]Hyaluronan  binding  assay.  The  [3Hjhyaluronan  (5  x  105  cpm/pg, 
490  pg/ml.)  was  isolated  from  the  medium  of  rat  fibrosarcoma  cells  grown 
in  the  presence  of  3H-Iabeled  acetate  as  described  previously  (18,  19). 
Tachyplesin  (50  jug)  in  100  pL  of  PBS  was  mixed  at  room  temperature  for  2 
hours  with  20  pL  of  [JH]hyaJuronan  in  the  presence  or  absence  of  a  100-fold 
excess  of  nonlabeled  hyaluronan  and  then  spotted  onto  a  nitrocellulose 
membrane.  The  free  [3Hj hyaluronan  was  washed  away  with  PBS  and  the 
complex  of  [3H]hyaluronan  and  tachyplesin  that  retained  on  the  filter 
membrane  was  processed  for  scintillation  counting. 

Cell  proliferation  assay.  The  [JH]  thymidine  incorporation  assay  was 
carried  out  as  described  previously  (5,  20).  Aliquots  of  complete  medium 
containing  ~  10,000  cells  were  distributed  into  a  96-well  tissue  culture  plate. 
On  the  next  day.  the  media  was  replaced  with  fresh  media  without  serum, 
peptide,  and  normal  human  serum  or  heat-inactivated  serum.  In  some 
experiments,  testicular  hyaluronidase  was  added  to  fresh  media  before  the 
addition  of  peptide  and  serum.  One  day  later,  0.3  pCi  of  [3H]thymidine  in 
serum-free  media  were  added  to  each  well;  after  another  8  hours,  the  cells 
were  harvested  and  the  amount  of  incorporated  [3ll]thymidine  was 
determined  with  a  [\  counter. 

Trypan  blue  absorbance  assay.  To  determine  the  extent  of  cell  death, 
we  used  the  trypan  blue  absorbance  assay  according  to  the  method 
described  by  Uliasz  and  Hewett  (21).  For  this,  TSU  tumor  cells  were 
subcultured  into  24-weU  plates  (1  x  105  cells/well)  in  1  ml  of  10%  fetal 
bovine  serum-90%  DMEM.  On  the  following  day,  the  media  was  removed 
and  cells  were  exposed  to  different  concentrations  of  tachyplesin  or 
control  peptide  in  the  presence  of  either  native  or  heated -inactivated 
human  serum.  After  18  hours,  a  0.4%  solution  of  trypan  blue  was  added  to 
each  well  to  a  final  concentration  of  0.05%  and  further  incubated  at  37°C 
for  15  minutes.  Next,  media  was  removed  and  the  cells  were  gently 
washed  with  ice-cold  PBS  (3  x  750  pL).  The  cells  were  then  lysed  with  200 
pL  of  1%  SDS  and  gently  triturated.  Finally,  175  pL  of  the  SDS/trypan  blue 
solution  was  transferred  to  a  96-well  plate  and  read  spectrophotometri 
callv  at  590  nm.  The  background  absorbance  value  was  obtained  from 
sham-treated  cultures  and  was  subtracted  from  all  experimental  values  to 
obtain  specific  absorbance  for  each  condition.  All  samples  were  assayed  in 
triplicates. 

Results 

Isolation  and  characterization  of  tachyplesin-binding 
phages.  To  identify  molecules  that  bind  to  tachyplesin.  we 
screened  a  phage-displayed  library  of  some  1.6  x  10'  unique 
clones  expressing  sequences  from  breast  cancer  cells  ranging  in 
size  from  300  to  3,000  bp  in  length  fused  to  the  T7  gene  10  capsid 
protein.  Phage  particles  expressing  tachyplesin-binding  proteins/ 
peptides  were  affinity  purified  on  the  wells  of  a  microtiter  plate 
coated  with  tachyplesin  or  control  peptide.  After  four  or  five 
rounds  of  biopanning,  the  number  of  phages  from  the  tachyplesin- 
coated  plates  was  ~  100- fold  greater  than  that  from  control 
peptide  plates.  Ten  plaques  were  then  selected  and  amplified  by 
PC'R.  Eight  had  the  same-size  PCR  products  and  some  of  these 
were  then  sequenced.  The  deduced  amino  acid  sequences  were 
then  subjected  to  a  blast  analysis,  which  repeatedly  identified 
human  Clq.  The  region  of  Clq  binding  to  tacyplesin  was  located 
around  the  first  400  bp  of  complement  Clq  B  chain  open  reading 
frame  (Genbank  accession  no.  NM  000491),  corresponding  to  the 
NH2-Lerminal  collagen-like  domain  of  Clq  (5,  22). 

Binding  of  the  Clq  to  tachyplesin.  To  further  test  the 
possibility  that  tachyplesin  binds  to  Clq,  we  examined  the 
interaction  between  these  two  proteins  using  an  ELISA-like  system. 
In  the  first  assay,  plates  were  coated  with  tachyplesin  or  the  control 
peptide,  probed  with  Clq,  and  then  the  amount  of  bound  Clq  was 
detected  with  anti-Clq.  As  shown  in  Fig.  L4,  Clq  binds  to 


immobilized  tachyplesin  in  a  dose-dependent  manner,  buL  not  to 
the  control  peptide.  Similar  results  were  obtained  when  the  plates 
were  precoated  with  Clq  and  then  probed  with  biotinylated 
tachyplesin  (Fig.  1)9).  However,  this  interaction  was  significantly 
reduced  if  the  tachyplesin  was  denatured  by  reduction  and 
alkylation  of  the  disulfide  bonds  and  further  acetylation  of  the 
charged  side  chains  (Fig.  1C),  which  suggests  that  the  interaction 
between  tachyplesin  and  Clq  depends  on  the  secondary  structure 
of  tachyplesin. 

The  binding  of  tachyplesin  to  Clq  was  also  dependent  on  the 
NaCl  concentration  used  in  the  assay  buffer  (Fig.  10).  The 
maximum  binding  occurred  at  0.15  mol/L  NaCl,  the  normal 
physiologic  salt  concentration.  Both  increasing  and  decreasing  the 
ionic  strength  in  the  assay  drastically  reduced  the  binding. 

The  interaction  between  tachyplesin  and  Clq  was  further 
examined  by  affinity  precipitation  and  Western  blotting  of  normal 
human  serum.  For  this,  a  biotinylated  tachyplesin  was  incubated 
with  normal  human  serum,  followed  by  streptavidin-Sepharose. 
The  immobilized  proteins  were  then  eluted  and  analyzed  by 
Western  blotting.  As  shown  in  Fig.  2,  probing  the  blot  with  a 
polyclonal  antibody  revealed  three  bands  corresponding  to  three 
chains  of  the  Clq  complex  (A\  27.5  kDa,  B :  25.2  kDa,  and  C :  23.8 
kDa,  respectively)  in  the  lachyplesin-treated  sample,  but  not  in  the 
samples  without  the  peptide  or  with  the  control  peptide.  Not 
surprisingly,  only  a  small  portion  of  Clq  from  the  serum  was  pulled 
down  because  serum  contains  a  relatively  high  concentration  of 
this  protein  (80  pg/mL;  ref.  23).  Taken  together,  these  results 
suggests  that  Clq  binds  to  both  immobilized  (surface-bound)  and 
free  (liquid-phase)  tachyplesin,  and  tachyplesin  binds  to  both 
purified  and  serum  Clq,  which  confirms  that  there  is  true 
interaction  between  these  two  molecules. 

Activation  of  the  classic  complement  pathway  by  tachy¬ 
plesin.  To  determine  if  tachyplesin  could  activate  the  complement 
pathway,  we  used  ELlSAs  with  tachyplesin-coated  microplales. 
Normal  serum  was  diluted  with  VBS  (containing  Ca3*)  and  applied 
to  wells  coated  with  tachyplesin  or  the  control  peptide  washed, 
and  then  probed  with  antibodies  against  C4,  C3,  and  C5b-9.  As 
shown  in  Fig.  3A,  significant  amounts  of  activated  fragments  of 
C4b,  C3b,  and  C5b-9  complex  were  bound  to  the  immobilized 
tachyplesin  but  not  to  the  immobilized  control  peptide.  Further¬ 
more,  when  the  same  fresh  serum  was  heat-inactivated  (56° C,  30 
minutes)  before  use,  then  the  amount  of  C4b,  C3b,  and  C5b-9 
complex  was  greatly  reduced.  These  results  show  that  tachyplesin 
is  able  to  trigger  the  activation  of  whole  classic  complement 
cascade,  which  is  characterized  by  the  appearance  of  C4b,  C3b,  and 
C5b-9  complex. 

To  further  test  for  the  presence  of  activated  C4b  fragments, 
Western  blotting  was  done.  For  this,  normal  fresh  human  serum 
was  mixed  with  the  biotinylated  tachyplesin  or  control  peptide, 
affinity-precipitated  with  streptavidin-Sepharose,  and  then  sub¬ 
jected  to  SDS-PAGE  and  Western  blotting  using  antibodies  to  C4, 
Figure  3)9  shows  that  the  three  peptide  chains  of  C4b  (a  97  kDa, 
(3  75  kDa,  and  y  33  kDa,  respectively)  were  affinity-precipitated 
in  the  tachyplesin-treated  sample,  but  not  in  those  treated  with 
the  control  peptide  or  in  the  absence  of  peptide.  This  is 
consistent  with  the  results  obtained  from  ELISA  and  further 
supports  the  conclusion  that  Lachyplesin  can  activate  the  classic 
complement  cascade.  Whereas  it  is  possible  that  tachyplesin 
binds  directly  to  C4b,  the  phage  display  results  suggest  that  this 
is  not  the  case.  Tachyplesin  seems  to  initially  and  mainly  bind  to 
Clq  and  then  to  C4b. 
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Figure  1.  The  interaction  between 
tachyplesin  and  the  Cl q  subcomponent 
of  complement  1 .  A,  ELISA  plates  were 
coated  with  varying  concentrations  of 
either  tachyplesin  or  the  control  peptide 
and  then  incubated  with  1  jag  of  Clq  that 
was  then  detected  with  anti-Clq  and 
peroxidase-conjugated  detection  system. 
The  Ctq  bound  to  the  plate  coated  with 
tachyplesin  but  not  to  that  coated  with  the 
control  peptide.  B,  plates  were  coated  with 
varying  concentrations  of  purified  Clq, 
probed  with  biotinylated  tachyplesin 
(1  f-ig/mL),  and  then  assessed  with  the 
streptavidin-conjugated  peroxidase  and 
substrate  system.  Again,  the  tachyplesin 
bound  to  the  immobilized  Clq.  C,  similar 
amounts  (10  ng/mL)  of  native,  reduced, 
or  alkylated  ( RA ),  and  reduced,  alkylated, 
and  acetylated  {RAA)  tachyplesin  replaced 
the  tachyplesin  in  the  above  (A)  binding 
system.  The  binding  of  Clq  to  native 
tachyplesin  was  significantly  greater  than 
either  of  the  denatured  peptides.  D,  to  test 
the  effect  of  ionic  strength  on  the 
interaction,  ELISA  plate  was  coated  with 
10  jig/mL  of  Clq  and  then  incubated  with 
0.1  pg/mL  of  biotinylated  tachyplesin  in 
VBS  buffer  of  variable  ionic  strength.  The 
maximum  binding  corresponded  to 
physiologic  ionic  strength  of  0.15  mol/L 
NaCI. 
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Hole  of  hyaluronan  in  the  deposition  of  C4b  and  C3b  on 
tumor  cells.  Because  tachyplesin  contains  a  hyaluronan-binding 
motif  [B(X)7B;  ref.  20],  we  investigated  the  possibility  that 
tachyplesin  can  bind  to  hyaluronan  (both  free  and  celJ  associated). 
We  took  advantage  of  the  fact  that  hyaluronan  by  itself  does  not 
bind  to  nitrocellulose  but  will  do  so  in  the  presence  proteins  or 
peptides  that  bind  to  it  (19).  In  the  assay,  tachyplesin  was  mixed 
with  [3H jhyaluronan  and  then  applied  to  a  nitrocellulose 
membrane.  The  free  [3H Jhyaluronan  was  washed  away  and  the 
complex  of  [3H]hyaluronan-tachyplesin  retained  on  the  filter 
membrane  was  analyzed.  Figure  4 A  shows  that  tachyplesin  binds 
strongly  to  hyaluronan  and  this  could  be  abolished  by  a  100- fold 
excess  of  unlabeled  hyaluronan.  In  contrast,  the  control  peptide 
showed  little  or  no  binding  to  [3H|hyaluronan,  indicating  that  the 
binding  of  tachyplesin  to  hyaluronan  was  specific. 

We  then  examined  the  binding  of  FITC-tachyplesin  to  TSU  cells 
that  express  large  amounts  of  hyaluronan  on  their  surfaces  (20,  24). 
As  shown  in  Fig.  4 B,  tachyplesin  was  distributed  on  the  surface  of 
the  cells.  This  binding  was  significantly  reduced  by  the  addition  of 
an  excess  of  free  hyaluronan  on  pretrealment  with  hyaluronidase 
(Fig.  4C)  as  shown  by  How  cytometry  analysis.  These  results  suggest 
that  hyaluronan  or  related  molecules,  such  as  chondroitin  sulfate 
(25),  act  as  targets  for  tachyplesin  on  the  cell  surface. 

In  the  classic  pathway  of  complement  activation,  4-  to  5-fold 
more  C3b  than  C4b  is  deposited  on  the  surfaces  of  target  cells  (17). 
In  addition,  C3  contains  a  thioester  moiety  that  can  form  covalent 
bonds  with  nearby  molecules  in  the  transition  from  C3  to  C3b. 
Thus,  C3b  deposition  represents  an  index  of  complement 
acLivalion.  For  this  reason,  we  tested  whether  tachyplesin  could 


induce  the  deposition  of  C3b  on  tumor  cells.  TSU  cells  were 
incubated  in  a  mixture  of  normal  serum  and  tachyplesin.  slained 
with  antibodies  to  C3,  then  examined  by  confocal  microscopy.  As 
shown  in  Fig.  5A  and  B,  C3b  was  indeed  deposited  on  the  surfaces 
of  TSU  cells. 

The  presence  of  activated  C3b  was  also  shown  by  Western 
blotting  of  TSU  cells  following  treatment  with  serum  and 
tachyplesin.  Figure  5C  shows  that  in  the  samples  treated  with 


Figure  2.  Affinity  precipitation  of  serum  Clq  with  tachyplesin.  Normal  human 
serum  was  incubated  without  or  with  biotinylated  tachyplesin  and  control  peptide, 
along  with  streptavidin-Sepharose  in  VSB  buffer  at  4°C  overnight.  After  washing, 
the  beads  were  extracted  in  Laemmli  sample  buffer  (reducing  conditions)  and 
subjected  to  SDS-PAGE  and  Western  blotting  with  anti-Clq  antibody.  Three 
bands  representing  the  A,  B,  C  chains  of  Clq  (27,550,  25,200,  23,800  Da. 
respectively)  were  apparent  in  the  sample  incubated  with  biotinylated  tachyplesin 
but  not  detected  in  the  absence  of  peptide  or  in  the  control  peptide.  The  results 
are  representative  of  three  different  experiments. 


www.aacrjournals.org 


4617 


Cancer  Res  2005;  65:  (11).  June  1,  2005 


Cancer  Research 


tachyplesin,  two  subunits  of  C3b  (a  115  kDa  and  p.  75  kDa)  and 
possibly  degraded  iC3b  (?  band  for  al).  Significantly,  a  high 
molecular  weight  band  (HJVfW  in  Fig.  5 C)  was  found  with  Western 
blotting  under  reducing  conditions,  indicating  a  covalent  linkage  to 
large  membrane  constituents.  Scans  of  these  Western  blots 
revealed  that  the  majority  of  deposited  C3b  (70-80%)  was  present 
in  this  high  molecular  weight  form.  This  is  consistent  with  the  fact, 
that  in  the  transition  from  C3  to  C3b,  a  thioester  moiety,  can  form 
covalent  bonds  with  nearby  molecules.  FACS  analysis  of  cells 
treated  with  tachyplesin  and  serum  (Fig.  5D)  showed  that  there 
was  a  significant  increase  in  FITC-tagged  antibody  to  C3,  indicating 
that  C3b  was  deposited  on  the  tumor  cells,  which  did  not  occur 
with  cells  treaLed  with  the  control  peptide.  These  results  are  con¬ 
sistent  with  those  from  confocal  microscopy  and  Western  blotting 


68  kD 


P 


43  kD 


29  kD 


Figure  3.  Determination  of  tachyplesin-mediated  activation  of  the  classic 
complement  pathway  by  ELISA  and  affinity  precipitation.  A,  microtiter  plates 
were  coated  with  either  tachyplesin  of  the  control  peptide  (10  pg/mL)  incubated 
with  normal  human  serum  {NHS)  without  or  with  heat  inactivation  ( h-NHS ).  The 
serum  was  diluted  with  VBS  (1:2  for  C4b,  C3b  and  120  for  C5b-9).  Complement 
activation  was  then  assessed  using  polyclonal  antibodies  against  C4,  C3  and  a 
polyclonal  antibody  to  C5b-9.  There  was  a  significant  amount  of  immobilized 
C4b,  C3b  and  C5b-9  detected  in  the  wells  that  were  coated  with  tachyplesin  and 
incubated  with  normal  human  serum  compared  with  those  coated  with  the  control 
peptide  or  incubated  with  heat-inactivated  serum.  B,  for  affinity  precipitation  and 
Western  blotting,  normal  human  serum  was  treated  without  peptide  or 
biotinylated  control  peptide  or  biotinylated  tachyplesin.  Streptavidin-Sepharose 
beads  were  added  to  the  mixture,  washed  thoroughly,  and  processed  for 
SDS-PAGE  and  Western  blotting  with  antibodies  to  C4b.  The  bands  a,  \\,  7 
chains  of  C4  ( Mf  97,  75,  and  33  kDa,  respectively)  were  apparent  in  the  samples 
treated  with  tachyplesin,  but  not  with  the  control  peptide  or  in  the  absence  of 
peptide. 


Because  tachyplesin  can  bind  to  hyaluronan.  we  investigated 
the  possibility  that  membrane-bound  hyaluronan  plays  a  role  the 
binding  of  tachyplesin-mediated  activation  of  complement  on  the 
surface  of  tumor  cells.  Suspensions  of  TSU  cells  were  pretreated 
with  hyaluronidase  before  the  addition  of  tachyplesin  and  human 
serum;  the  presence  of  C3b  was  detected  by  immunostaining 
followed  by  FACS  analysis.  As  shown  in  Fig.  5 D,  hyaluronidase 
pretreatment  markedly  reduced  the  intensity  of  fluorescence, 
indicating  a  reduction  in  C3b  deposition.  Thus,  hyaluronan  or 
related  glycosaminoglycans  seems  to  play  a  key  role  in  Lhe 
activation  of  complement  on  the  cell  surface  by  tachyplesin. 

Effect  of  tachyplesin  on  tumor  cells.  The  complement 
membrane  attack  complex  (MAC,  C5b-9)  can  damage  the  cell 
membrane,  which  results  in  the  killing  of  the  target  cells.  The 
possibility  that  tachyplesin  can  trigger  the  deposition  of  comple¬ 
ment  and  the  formation  of  C5b-9  on  the  surfaces  of  tumor  cells  via 
the  classic  pathway  suggests  that  it  might  kill  cells  by  disrupting 
the  integrity  of  the  plasma  membrane.  To  test  this  possibility,  we 
examined  the  permeability  of  cell  membrane  with  macromolecule 
FITC-dextran,  which  is  excluded  by  the  membranes  of  viable, 
healthy  cells  but  can  pass  through  the  damaged  plasma  membrane 
of  unhealthy  cells  (2).  Figure  6A  showed  that  when  cells  were 
treated  with  tachyplesin  and  human  serum,  Lhe  fluorescence 
spectrum  shifted,  indicating  that  more  FITC-dextran  had  passed 
through  the  plasma  membrane  and  entered  Lhe  cytoplasm.  Thus,  it 
seems  that  treatment  with  tachyplesin  disrupted  the  cell  mem¬ 
brane  and  increased  its  permeability. 

Finally,  we  examined  the  effect  of  tachyplesin  and  normal  human 
serum  on  tumor  cell  proliferation  as  measured  by  thymidine 
incorporation  and  cell  death  as  measured  by  trypan  blue  uptake.  As 
indicated  in  Figs.  6 B  and  7,  TSU  cells  treated  with  tachyplesin  in  the 
presence  of  complete  human  serum  showed  a  marked  inhibition  of 
proliferation  and  an  increased  extent  of  cell  death.  Figure  6 B  also 
showed  that  treatment  with  hyaluronidase  significantly  reversed 
the  effects,  again  suggesting  that,  cell-surface  hyaluronan  plays  a 
critical  role  in  tachyplesin-induced  inhibition  of  tumor  cell  growth. 
Significantly,  heat-inactivated  serum  also  attenuated  the  effects  of 
tachyplesin,  but  to  a  lesser  extent  than  hyaluronidase  treatment. 
These  results  imply  that  tachyplesin  may  have  multiple  effects  on 
the  cells  leading  to  both  growth  arrest  and  death. 


Discussion 

The  results  of  this  study  suggests  the  following  multisLep  model 
to  account  for  the  antitumor  activity  of  tachyplesin.  First., 
tachyplesin  binds  to  hyaluronan  (or  closely  related  glycosamino- 
glycans)  on  the  surfaces  of  the  target  cells.  Second,  this  bound 
tachyplesin  interacts  with  Clq  in  the  blood.  Third,  the  tachyplesin 
activates  the  classic  complement  pathway.  Finally,  the  formation  of 
the  MAC  disrupts  the  integrity  of  the  plasma  membrane  and  results 
in  the  death  of  the  target  cells. 

In  the  first  step  of  our  model,  tachyplesin  binds  to  the 
hyaluronan  or  related  molecules  on  the  surface  of  the  targeL  cells, 
is  supported  by  several  lines  of  evidence:  (a)  tachyplesin  directly 
binds  to  soluble  [3H]  hyaluronan,  which  may  be  due  to  the  presence 
of  a  B(X)7B  sequence  that  is  known  to  bind  hyaluronan  (20);  ( b ) 
pretreatment  of  TSU  cells  with  hyaluronidase  (which  degrades  both 
hyaluronan  and  chondroitin  sulfate)  resulted  in  a  decreased 
tachyplesin-mediated  deposition  of  C3b  on  the  cell  surface,  leading 
to  a  decreased  cytotoxic  effects  of  tachyplesin  as  indicated  by 
reduced  [3H]thymidine  incorporation.  It  seems  that  the  binding  of 
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Figure  4.  Hyaluronan-mediated 
attachment  of  tachyplesin  to  TSU  tumor 
cells.  A,  to  determine  the  binding  of 
tachyplesin  to  hyaluronan,  tachyplesin  and 
the  control  peptide  were  mixed  with 
[3H]hyaluronan.  applied  to  a  sheet  of 
nitrocellulose,  and  extensively  washed.  A 
significant  amount  of  [3H]hyaluronan 
bound  to  the  nitrocellulose  in  the  presence 
of  tachyplesin  but  not  in  the  control  peptide 
or  with  an  excess  of  unlabeled  hyaluronan. 

B,  1  x  106  TSU  tumor  cells  were  incubated 
with  1  |.ig/mL  of  FITC-tachyplesin  at  4°C 
for  30  minutes,  fixed  with  freshly  prepared 
4%  formaldehyde,  and  analyzed  with 
confocal  microscopy.  Tachyplesin  was 
associated  with  the  surfaces  of  the  cells. 

C,  to  determine  the  role  of  cell  surface 
hyaluronan  in  the  attachment  of 
tachyplesin  to  tumor  cells,  the  TSU  cells 
were  incubated  with  or  without 
hyaluronidase  (0.1  mg/mL)  at  37°C  for  1 
hour.  Then,  10  pg/mL  of  FITC-tachyplesin 
was  added  to  the  cells  at  4"C  for  30 
minutes  followed  by  fixation.  Flow 
cytometry  showed  that  the  binding  of 
FITC-tachyplesin  to  the  cell  surface  was 
partially  blocked  by  pretreatment  with 
hyaluronidase  or  an  excess  of  hyaluronan. 
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tachyplesin  to  cell  surface  hyaluronan  is  a  critical  First  step  in  the 
subsequent  induction  of  cytotoxicity.  It  is  possible  that  in  addition 
to  hyaluronan,  tachyplesin  may  also  bind  to  chondroitin  sulfate, 
which  is  also  present  on  the  surfaces  of  many  cells  (25)  and  is 
sensitive  to  digestion  by  testicular  hyaluronidase.  However, 
hyaluronan  probably  represents  the  major  target  because  we  had 
previously  found  that  TSU  cells  have  significant  levels  of  cell 
surface  hyaluronan  (24). 

The  interaction  between  tachyplesin  and  hyaluronan  could 
account  for  the  relative  specificity  of  antitumor  activity  of 
tachyplesin.  Indeed,  a  body  of  studies  has  shown  that  many  tumor 
cells  (bladder,  prostate,  lung,  colon,  and  breast)  express  high  levels 
of  hyaluronan  whereas  normal  tissues  express  much  less  (26-28). 
In  addition,  studies  have  shown  that  endothelial  cells  involved  in 
neovascularization  express  high  levels  of  hyaluronan  relative  to 
those  from  established  blood  vessels  (29).  The  fact  that  hyaluronan 
is  preferentially  expressed  on  the  surfaces  of  tumors  and 
endothelial  cells  involved  in  tumor  vascularization  could  account 
for  our  previous  observations  that  tachyplesin  inhibits  the  growth 
of  these  cells  relative  to  other  nontumorigenic  cells  line  that 
express  less  hyaluronan  on  their  surfaces  (5). 

In  the  second  step  of  our  model,  tachyplesin  binds  to  Clq 
present  in  the  serum.  The  phage  display  experiment  reveals  that 
tachyplesin  binds  to  Clq,  which  is  further  confirmed  by  ELISA 
and  affinity  precipitation.  The  human  Clq  molecule  (460  kDa)  is  a 
large  complex  composed  of  18  polypeptide  chains  (6A,  6B,  and  6C 
chains).  As  viewed  under  the  electron  microscope,  the  complex 
resembles  a  broccoli  spear  with  common  stalk  that  branches  into 


six  arms,  each  of  which  ends  in  globular  head  domains  (22,  30). 
The  phage  display  also  reveals  that  tachyplesin  binds  to  the  stalk 
region  of  the  B  chain  of  Clq.  This  interaction  seems  ionic  in 
nature  because  it  was  maximal  under  normal  physiologic  ionic 
strength  and  inhibited  by  either  higher  or  lower  ionic  strength. 
However,  ihe  interaction  clearly  required  the  native  configuration 
of  tachyplesin  that  consists  of  a  folded  (Usheet  stabilized  by  two 
disulfide  bonds.  When  tachyplesin  was  reduced  and  alkylated, 
then  the  interaction  with  Clq  was  abrogated.  In  addition,  the 
control  peptide  did  not  bind  to  Clq.  Thus,  whereas  the 
interaction  between  tachyplesin  and  hyaluronan  had  an  ionic 
component,  the  native  structure  of  tachyplesin  was  essential  for 
its  activity. 

In  the  next  step  of  our  model,  the  interaction  of  tachyplesin 
with  Clq  activates  the  classic  complement  pathway  that  consists 
of  an  enzyme  cascade  made  up  of  numerous  glycoproteins  that 
under  normal  conditions  exist  in  an  inactive  or  proenzyme  form. 
Activation  of  the  complement  system  produces  two  major  effects 
on  the  target  cells:  deposition  of  opsonic  proLeins  (C3b  and  C4b) 
onto  the  cell  surface  and  formation  of  C5b-9  (i.e..  MAC).  In  this 
study,  we  have  shown  that  the  addition  of  fresh  serum  onto 
tachyplesin-coated  plate  results  in  the  deposition  of  Clq 
downstream  components  C4b  and  C3b  as  well  as  the  formation 
of  C5b-9.  In  the  case  of  C4b,  this  was  confirmed  by  affinity 
precipitation  followed  by  Western  blotting.  A  similar  process  was 
found  to  occur  on  the  cell  surface.  When  TSU  cells  were  treated 
with  tachyplesin  and  serum,  the  C3b  was  deposited  on  their 
surfaces  as  determined  by  both  fluorescent  microscopy  and 
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Western  blotting.  Importantly,  heat  inactivation  of  the  serum, 
which  destroys  the  complement  system,  also  blocked  many  of  the 
above  processes,  including  the  attachment  of  C4b,  C3b,  and  C5b-9 
on  plastic  plates  coated  with  tachyplesin,  and  the  deposition  of 
C3b  on  the  surfaces  of  TSU  cells  treated  with  tachyplesin.  The 
ability  of  tachyplesin  to  induce  the  deposition  of  these 
downstream  components  strongly  suggests  the  classic  pathway 
of  complement  had  been  activated. 

In  the  final  step  of  our  model,  the  formation  of  C5b-9 
compromises  the  integrity  of  the  plasma  membrane  leading  to 
cell  death.  When  cells  were  treated  with  tachyplesin  and  serum, 
there  was  an  increased  level  of  FITC-dextran  entering  the 
cytoplasm,  suggesting  the  formation  of  large  pores  in  the 
membrane,  resulting  in  a  decreased  cell  proliferation  and 
viability.  Significantly,  this  effect  was  diminished  if  the  serum 
was  heat-inactivated,  again  indicating  that  the  activation  of 
complement  cascade  was  essential  for  cell  damage  effect  of 
tachyplesin. 

The  formation  of  MAC  is  usually  supposed  to  lyse  the  target 
cells.  Indeed,  several  recent  studies  have  indicated  that  activation 
of  complement  and  the  formation  of  the  MAC  can  also  result  in 
apoptosis  of  target  cells.  For  example,  Nauta  et  al.  (31)  have 
shown  that  C5b-9  induces  apoptosis  through  a  caspase-dependent 
pathway  that  can  be  blocked  by  the  inhibitor  2VAD-fmk.  Similarly, 
Cragg  et  al.  (32)  reported  that  activated  complement  results  in 
DNA  fragmentation,  a  characteristic  of  apoptosis.  Our  previous 


study  showed  that  RGD-tachyplesin  could  induce  apoptosis  in  a 
number  of  target  cells  (5)  by  increasing  the  Annexin  V  staining, 
activation  of  caspases  9,  8.  and  3,  and  increase  of  the  expression 
of  the  Fas  ligand,  Fas,  caspase  7,  and  caspase  6.  Based  on  these 
results,  we  had  proposed  that  tachyplesin  could  activate  apoptotic 
molecules  involving  both  mitochondrial  and  Fas-dependent 
pathways.  The  results  of  the  present  study  indicate  that  at  least 
some  of  this  apoptosis  resulted  from  the  compromising  of  the 
plasma  membrane  due  to  the  tachyplesin-mediated  activation  of 
the  classic  complement  cascade. 

Whereas  our  model  for  the  antitumor  activity  of  tachyplesin  is 
consistent  with  all  of  our  previous  data,  it  must  be  acknowledged 
that  tachyplesin  may  have  additional  effects.  We  had  found  that 
even  when  the  complement  system  was  heat-inactivated,  there  was 
still  some  residual  antitumor  activity  implying  that  other 
mechanisms  may  be  involved.  It  is  possible  that  even  in  the 
absence  of  the  complement  system,  Lachyplesin  is  able  to  directly 
compromise  the  plasma  membrane,  as  it  is  believed  to  do  with 
microbes. 

Our  results  also  indicate  that  tachyplesin  is  similar  to  other 
nonimmune  activators  of  the  classic  complement  pathway  in  that 
it  binds  to  the  stalk-like  region  of  Clq,  in  contrast  to  the  immune 
activators  (IgG  and  IgM)  that  bind  to  the  globular  regions 
(30,  33,  34).  It  should  be  noted  that  simply  binding  to  Clq  is  not 
sufficient  to  activate  the  complement  cascade  thaL  is  controlled  at 
many  levels  as  a  safeguard  against  unintended  activation  by  Lhe 


Figure  5.  Effect  of  tachyplesin  on  the  induction  of  complement  on  the  surfaces  of  tumor  cells.  A  and  B,  TSU  cells  were  incubated  with  tachyplesin  in  the 
presence  of  10%  normal  human  serum  for  20  minutes,  washed,  and  then  incubated  with  a  polyclonal  antibody  to  C3  (4°C  for  30  minutes)  followed  by  a  FITC -secondary 
antibody  and  analysis  by  confocal  microscopy.  Both  immunoflourescence  alone  and  the  merger  of  fluorescence  and  transmitted  images  are  shown.  C,  to  analyze 
complement  activation  by  Western  blotting,  TSU  cells  were  incubated  in  10%  normal  human  serum  in  the  presence  or  absence  of  either  tachyplesin  or  control 
peptide  at  37°C  for  60  minutes.  After  washing,  the  cell  lysates  were  harvested  and  processed  for  Western  blotting  with  antibodies  to  C3b.  In  the  cells  treated  with 
tachyplesin,  there  were  two  bands  corresponding  to  a  and  p  subunits  of  C3b  (115  and  75  kDa),  as  wells  as  a  high  molecular  weight  band  representing  C4b  covalently 
bound  to  membrane  constituents.  These  bands  were  reduced  in  cells  treated  without  peptide  or  with  the  control  peptide.  D,  to  examine  the  role  of  cell  surface 
hyaluronan  in  the  deposition  of  complement,  100  pg/mL  peptides  were  added  to  the  cells  culture  in  the  presence  of  10%  normal  human  serum  and  incubated  for 
20  minutes  at  room  temperature.  The  cells  were  then  washed,  incubated  with  a  polyclonal  antibody  to  human  C3  (20  pg/mL)  at  4°C  for  30  minutes,  followed  by 
incubation  with  FITC-conjugated  IgG  (1:200)  at  4°C  for  30  minutes.  The  cells  were  finally  stained  with  propidium  iodide  and  analyzed  with  FACS  Preincubation  with 
hyaluronidase  abrogated  the  C3  deposition  on  TSU  cell  surfaces. 
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Figure  6.  Biological  effect  of  hyaluronidase  on  tachyplesin-mediated  cytotoxicity 
of  tumor  cells.  A,  to  determine  whether  tachyplesin  damages  the  plasma 
membrane,  TSU  cells  were  incubated  with  tachyplesin  plus  heat-inactivated 
human  serum  or  normal  human  serum  overnight.  After  harvesting,  the  cells  were 
incubated  with  5  pg/mL  of  FITC-dextran  (Mr  40,000)  and  subjected  to  flow 
cytometry.  The  amount  of  FITC-dextran  taken  up  by  the  cells  was  significantly 
higher  in  those  treated  with  tachyplesin  than  in  the  control  cells,  suggesting  that 
tachyplesin  disrupts  the  integrity  of  the  plasma  membrane.  B,  TSU  tumor  cells 
were  treated  with  hyaluronidase  (0.1  mg/mL)  at  37°C  for  1  hour.  Then, 
tachyplesin  and  2%  normal  human  serum  or  heat-inactivated  serum  were  added 
and  incubated  overnight  followed  by  a  [3Hlthymidme  incorporation  assay.  The 
cytotoxic  effects  of  tachyplesin  in  present  of  normal  serum  were  reduced  by 
either  treatment  with  hyaluronidase  or  heat-inactivated  serum  { P  <  0.05). 


body.  Indeed,  there  are  numerous  modifiers  in  both  the  serum  and 
on  the  cell  surface  that  regulate  the  complement  cascade  (35,  36). 
Several  studies  have  shown  that  in  situ  tumor  cells  overexpress 
some  of  these  membrane-bound  regulatory  proteins,  which  may 
dcnvn- regulate  an  efficient  local  immune  response,  such  as  those 
induced  by  monoclonal  antibody-mediated  immunotherapy 
(37,  38).  Tachyplesin  seems  to  be  able  to  bypass  these  “protective” 
mechanisms  for  tumor  cells. 

In  conclusion,  we  believe  that  the  model  proposed  for  the 
antitumor  activity  for  tachyplesin  represents  a  new  and 


Figure  7.  Cell  death  induced  by  tachyplesin  and  its  activated  complement  TSU 
tumor  cells  were  cultured  in  24-well  plates  and  then  exposed  for  18  hours  to 
different  concentrations  of  tachyplesin  or  control  peptide  ( Control  P)  in  the 
presence  of  either  normal  or  heat-inactivated  human  serum.  Then,  a  solution  of 
0.4%  trypan  blue  was  added  to  each  well  to  a  final  concentration  of  0.05%.  The 
cells  were  incubated  at  37°C  for  15  minutes,  washed,  and  lysed  in  200  pL  of  1% 
SDS.  The  amount  of  dye  taken  up  by  the  cells  was  determined  by  reading  the 
absorbance  at  A590.  All  samples  were  assayed  in  triplicates.  The  cells  treated 
with  tachyplesin  and  normal  human  serum  took  up  a  significantly  greater  amount 
of  dye  compared  with  those  treated  with  control  peptide  or  heated-mactivated 
serum  (P  <  0.05). 


promising  avenue  for  targeting  and  attacking  tumor  cells. 
Previously,  we  had  found  that  tachyplesin  is  capable  of 
preventing  tumor  growth  in  both  mice  and  chicken  embryos 
without  significant  side  effects  (5).  However,  the  concentration 
required  to  achieve  a  therapeutic  effect  was  relatively  high.  If  our 
proposed  model  is  correcL,  then  it  may  be  possible  to  design 
other  molecules  with  improved  therapeutic  effects  in  the  way 
that  one  subdomain  could  be  dedicated  to  the  binding  of 
hyaluronan  and  another  to  the  binding  and  activation  of  Clq.  Al 
the  same  time,  these  peptides  could  be  modified  in  such  a  way 
as  to  increase  their  stability  and  half-life  in  circulation.  Such 
compounds  could  be  effective  as  a  new  agent  in  a  multipronged 
attach  of  tumor  cells. 
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#382  Hyaluronan  Binding  Motifs  Inhibit  Tumor  Growth.  Ningfei  Liu,  Xue- 
Ming  Xu,  Charles  B.  Underhill,  Yixin  Chen,  Jinguo  Chen  Chen,  Feng  Gao,  Zeqiu 
Han,  and  Lurong  Zhang.  Lombardi  Cancer  Center,  Washington ,  DC. 

Cartilage,  enriched  with  hyaluronan  (HA)  binding  proteins,  has  been  proved  to 
have  anti-tumor  effect  in  some  clinical  trails.  To  explore  if  HA  binding  motif  is 
responsible  for  anti-tumor  effect,  a  39  peptide  (called  P4)  containing  three  HA 
binding  motifs  was  linked  with  NGR  homing  motif  on  its  N-terminal  and  tested  for 
anti-tumor  function.  The  synthetic  P4  could  bind  to  3H-HA  with  high  capacity. 
When  TSU  prostate  cancer  cells,  MDA-435  breast  cancer  cells  and/or  endothelial 
cells  were  treated  with  50-100  ug/ml  of  P4,  their  growth  was  strongly  inhibited  in 
either  anchorage-dependent  or  anchorage-independent  conditions.  This  inhibi¬ 
tory  effect  was  abolished  by  pre- incubation  of  P4  with  HA,  indicating  the  acti¬ 
vated  HA  binding  sites  are  crucial  for  the  effect.  In  addition,  when  100  ug  of  P4 
was  i.v.  injected  into  CAM  of  chicken  embryo  bearing  with  tumors  formed  by  B16 
melanoma  or  MDA-435  cells,  the  tumor  sizes  were  greatly  reduced  compared  to 
the  control.  To  see  the  potential  of  P4  for  gene  therapy,  the  amino  acid  sequence 
of  P4  was  back-translated  Into  nucleotide  sequence.  The  cDNA  coding  for  P4  was 
inserted  into  the  pSecTag2  vector  with  a  signal  peptide  and  transfected  into  TSU 
and  MDA-435  cells.  The  growth  of  tumors  formed  by  cells  expressing  P4  was 
Inhibited  compared  to  the  control  cells  in  both  CAM  and  nude  mice  models.  The 
angiogenesis  in  P4  tumors  was  reduced  as  determined  by  endothelial  cells 
staining.  Furthermore,  the  apoptotic  indexes  (Annexin-Ti  staining  and  nuclear 
fragmentation)  were  increased  in  both  tumor  cells  and  endothelial  cells  upon  the 
treatment  of  P4,  indicating  that  the  inducing  of  apoptosis  is  one  of  action  mech¬ 
anisms  by  which  P4  exerts  anti-tumor  effect.  The  involvement  of  lysosome  and 
mitochondria  in  the  P4  induced  cell  death  has  been  investigated. 


#383  Targeted  Peptide  of  Human  Brain  Hyaluronan  Binding  Protein  In¬ 
hibits  Tumor  Growth.  Xueming  Xu,  Yixin  Chen,  Ningfei  Liu,  Jinguo  Chen,  Feng 
Gao,  Zeqiu  Han,  Charles  B.  Underhill,  and  Lurong  Zhang.  Dept,  of  Biology , 
Xiamen  University,  Xiamen,  China,  and  Lombardi  Cancer  Ctr.,  Washington,  DC. 

In  previous  studies,  we  have  found  that  human  brain  hyaluronan  binding  protein 
(b-HABP)  inhibits  tumor  growth.  To  explore  the  functional  domain  of  this  anti¬ 
tumor  protein,  33  amino  acids  containing  three  hyaluronan  binding  motifs  from 
N-terminal  of  b-HABP  were  linked  with  NGR  homing  motif  to  better  target  tumor 
cells.  The  synthetic  peptide  exerted  an  inhibitory  effect  on  the  proliferation  of  both 
TSU  prostate  cancer  cells  and  HUVEC  endothelial  cells  at  a  dose  of  100  ug/ml.  It 
also  inhibited  the  colony  formation  of  TSU  and  MDA-435  cells.  When  the  targeted 
b-HABP  peptide  was  tropically  administrated  to  TSU  and  MD-A435  cells  on  top 
of  the  chorioallantoic  membranes  (CAM)  of  10  days  chicken  embryos,  the  tumor 
growth  was  greatly  inhibited.  In  addition,  when  100  ug  of  b-HABP  peptide  was  i.v. 
injected  once  into  CAM  bearing  with  established  B16  melanomas,  the  growth  of 
tumor  xenografts  was  greatly  inhibited.  Then,  the  peptide  sequence  was  back- 
translated  into  nucleotide  sequence.  The  cDNA  coding  for  the  peptide  was 
obtained  using  overlap-PCR  and  inserted  Into  the  pSeeTag2  vector  with  a  signal 
peptide  for  the  secretion.  The  pSecTag2  vector  alone  (as  control)  or  pSecTag2- 
peptide  vectors  (as  tests)  were  transfected  into  MDA-435  cells.  The  in  vivo  results 
indicated  that  cells  expressing  targeted  b-HABP  peptide  formed  smaller  tumors 
as  compared  to  vector  alone  in  both  the  CAM  and  nude  mice  model  systems. 
Additional  studies  indicated  that  the  targeted  b-HABP  peptide  could  damage  the 
both  the  plasma  membrane  and  mitochondrial  membrane  that  triggered  the 
apoptosis  cascade. 


#369  Anti-Tumor  Effect  of  RGD-Tachyplesin.  Yixin  Chen,  Xue-Ming  Xu, 
Jinguo  Chen,  Ningfei  Liu,  Charles  B.  Underhill,  Karen  Creswell,  Shuigen  Hong, 
and  Lurong  Zhang.  Dept. of  Biology,  Xiamen  University,  Xiamen,  China,  and  Lom¬ 
bardi  Cancer  Center,  Washington,  DC. 

Tachyplesin,  an  anti-microbial  peptide  present  in  leukocytes  of  horseshoe  crab 
(Tachypleus  tridentatus),  was  conjugated  to  the  integrin  homing  domain  RGD  and 
tested  for  anti-tumor  activity.  Initial  experiments  indicated  that  RGD-tachyplesin 
could  inhibit  the  proliferation  of  both  cultured  tumor  and  endothelial  cells  and 
could  block  the  colony  formation  of  TSU  prostate  cancer  cells.  The  RGD- 
tachyplesin  appeared  to  compromise  the  integrity  of  the  plasma  membrane  as 
well  as  those  associated  with  the  mitochondria  and  nuclei,  as  evidenced  by  the 
changes  in  the  staining  with  the  fluorescent  probes  JC-1,  annexin  V,  dextran-FITC 
and  YO-PRO-1 .  In  addition,  Western  blotting  showed  that  the  Fas  ligand,  FADD, 
Caspase  7,  Caspase  6  and  activated  subunits  of  Caspase  8  (18  kDa)  and 
Caspase  3  (20  kDa)  were  up-regulated  following  treatment  with  RGD-tachyplesin, 
suggesting  that  it  induces  apoptosis  through  elements  of  the  Fas  dependent 
pathway.  And  finally,  in  vivo  studies  indicated  that  the  RGD-tachyplesin  could 
inhibit  the  growth  of  tumor  cells  on  the  chorioallantoic  membranes  of  chicken 
embryos  and  in  syngenic  mice.  The  results  of  this  study  suggests  that  the 
RGD-tachyplesin  can  inhibit  tumor  growth  by  impairing  the  function  of  vital 
membranes  and  by  inducing  apoptosis  in  both  tumor  cells  and  endothelial  cells. 


#4375  Human  Brain  Hyaluronan  Binding  Protein  Inhibits  Tumor  Growth 
VIA  Induction  of  Apoptosis.  Feng  Gao,  Xue-Ming  Xu,  Charles  B.  Underhill, 
Shimin  Zhang,  Ningfei  Liu,  Zeqiu  Han,  Jiaying  Zhang,  and  Lurong  Zhang.  Lom¬ 
bardi  Cancer  Ctr.,  Washington,  DC. 

Naturally  existing  anti-tumor  substance  are  less  toxic  and  implicated  a  prom¬ 
ising  feature  in  cancer  therapy.  In  this  study,  a  new  protein,  termed  human  brain 
hyaluronan  (HA)  binding  protein  (b-HABP)  was  found  to  have  an  anti-tumor  effect. 
The  cDNA  coding  for  N-terminal  of  human  b-HABP  was  cloned  and  found  to 
consist  of  1,548  bp  coding  for  516  amino  acids  with  signal  peptide.  When 
malignant  MDA-435  breast  cancer  cells  were  transfected  with  b-HABP-pcDNA3, 
their  ability  to  grow  in  anchorage-dependent  conditions  and  to  form  colonies  was 
greatly  reduced  compared  to  the  mock  transfectants.  In  addition,  the  conditioned 
media  from  b-HABP-pcDNA3  transfectants  inhibited  the  growth  of  endothelial 
'  cells.  Furthermore,  studies  revealed  that  the  FasL,  Caspase  3,  p53,  p27  were 
induced  while  bcl2  and  cyclin  E  were  reduced  in  b-HABP-pcDNA3  transfectants. 
Finally,  the  growth  of  tumors  formed  by  b-HABP-pcDNA3  transfectants  was 
greatly  inhibited  compared  to  the  mock  transfectants  in  CAM  system  and  in  nude 
mice  model.  This  study  suggests  that  HABP  may  represent  a  new  category  of 
naturally  existing  anti-tumor  substance  via  induction  of  apoptosis. 


#3465  Inhibition  of  Tumor  Growth  by  Hyaluronan  Binding  Motifs  (P4)  is 
Mediated  by  Apoptosis  Pathway  Related  with  Lysosome  and  Mitochondria. 
Ningfei  Liu,  Xue-Ming  Xu,  Charles  Underhill,  Susette  Mueller,  Karen  Creswell, 
Yixin  Chen,  Jinguo  Chen,  and  Lurong  Zhang.  Lombardi  Cancer  Ctr.,  Washington, 
DC. 

We  have  demonstrated  that  the  tumor  growth  can  be  greatly  suppressed  by 
hyaluronan  binding  motifs  (P4)  either  exogenous  administration  of  synthetic  P4 
peptide  or  endogenous  expressing  of  P4.  To  explore  the  underlying  mechanism 
for  the  anti-tumor  effect,  F1TC-P4  was  used  for  its  intracellular  tracing  and  the 
alterations  in  apoptotic  molecules  were  studied.  The  results  of  confoca!  micros¬ 
copy  indicated  that  the  P4  bound  to  cell  surface,  which  could  be  partially  blocked 
by  anti-CD44,  heparin  and  chondroitin  sulfate,  indicating  that  the  binding  may 
indirectly  mediated  by  CD44  and  interaction  anionic  substances  on  the  mem¬ 
brane.  Following  the  binding  on  cell  surface,  the  FITG-P4  was  up-taken  by 
lysosomes  and  partially  entered  mitochondria,  as  evidenced  by  co-localization 
staining.  At  the  molecular  level,  Fas  ligand,  FADD,  caspase  8  (activated  18  kDa 
subunit)  and  caspase  3  were  up-regulated  upon  the  treatment  of  P4  in  both 
MDA-435  tumor  cells  and  ABAE  endothelial  cells,  indicating  that  the  apoptosis  is 
triggered  by  P4,  As  a  result,  other  vital  membranes  were  greatly  damaged  as 
demonstrated  by  1)  positive  Annexin  V  staining,  an  increased  inflow  of  FITC- 
Dextran  (MW  40,000)  and  exflow  of  LDH  for  the  damage  of  plasma  membrane;  2) 
an  increased  inflow  of  YO-Pro-1  for  the  damage  of  nuclear  membrane;  and  3)  the 
shifted  JC-1  staining  for  the  depolarization  of  mitochondrial  potential.  Further¬ 
more,  the  P4-induced  cell  death  could  be  partially  reversed  by  inhibitors  (NH4CI) 
specific  for  lysosomal  functions  and  inhibitor  (Z-VAD-FMK)  for  caspases,  sug¬ 
gesting  that  the  pro-apoptotic  molecules  associated  with  lysosome  and  mito¬ 
chondria  might  be  released  by  P4  and  then  activate  the  caspases  in  cytoplasm. 


#4358  Effect  of  Tachyplesin  on  MDR  Overexpressing  Tumor  Cells.  Jinguo 
Chen,  Yixin  Chen,  Shuigen  Hong,  Fabio  Leonessa,  Robert  Clarke,  Xue-Ming  Xu, 
Ningfei  Liu,  Charles  B.  Underhill,  Karen  Creswell,  and  Lurong  Zhang.  Lombardi 
Cancer  Center,  Georgetown  University ,  Washington,  DC,  and  The  Key  Lab  of 
China  Education  Ministry  on  Ceil  Biology  and  Tumor  Engineering,  Xiamen  Univer¬ 
sity,  Xiamen,  China . 

Tachyplesin  is  an  anti-microbial  peptide,  consisting  of  17  amino  acids  with  a 
molecular  weight  of  2,269  Dalton  and  pi  of  9.93.  It  has  two  disulfide  linkages, 
which  exposes  all  six  positively  charged  basic  amino  acids  on  its  surface.  This 
cationic  peptide  can  interact  with  anionic  phospholipids  present  in  the  prokary¬ 
otic  cytoplasmic  membrane  and  eukaryotic  mitochondrial  membrane.  We  have 
found  that  tachyplesin  could  inhibit  the  growth  of  tumor  cells.  To  see  the  effect  of 
tachyplesin  on  the  tumor  cells  that  are  resistant  to  first  line  chemotherapeutic 
drugs,  we  used  a  pair  of  breast  cancer  cell  lines,  LCC6-MDR  (a  MDA435  cells 
transduced  with  M DR  1  -retroviral  vector)  and  LCC6-vector  as  control.  Due  to  the 
over-expression  of  MDR1,  LCC6-MDR  cells  resisted  to  Taxol  with  an  EC50  of 
1000  nM,  while  LCC6-vector  had  an  EC50  of  10  nM.  However,  when  treated  with 
tachyplesin,  both  cell  lines  showed  a  similar  sensitivity  (EC50  of  40  nM)  in 
response  to  the  inhibitory  effect  of  tachyplesin.  The  confocal  analysis  indicated 
that  the  FITC-  tachyplesin  bound  to  cell  surface,  entered  the  cells  and  localized 
in  mitochondria.  The  flow  cytometer  analysis  indicated  that  the  mitochondria 
potential  was  depolarized  and  that  both  plasma  membrane  and  nuclei  membrane 
were  damaged,  as  evidenced  by  staining  with  JC-1 ,  FITC-Dextran  and  YO-Pro-1 . 
This  study  suggests  that  the  cationic  peptide,  such  as  tachyplesin,  may  be  a 
promising  alternative  agent  to  treat  the  chemotherapy  resistant  tumor  cells. 


Abstracts  presented  in  AACR  meeting  in  year  2002 
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#4404  Targeted  hyaluronan  binding  peptide  inhibits  the  growth  of 
ST88-14  Schwann  cells.  Yixin  Chen,  Shuigen  Hong,  Xiaolin  Chen,  Shanmin 
Yang,  Ningfei  Liu,  Xu-Fang  Pei,  Luping  Wang,  Xue-Ming  Xu,  Jinguo  Chen,  Charles 
B.  Underhill,  and  Lurong  Zhang.  The  Cell  and  Tumor  Key  Lab  of  China  Education 
Ministry  at  Xiamen  University,  Xiamen ,  China ,  and  Georgetown  University  Medical 
Center,  Washington,  DC. 

We  have  reported  that  the  hyaluronan  (HA)  binding  proteins/peptides  possess 
anti-tumor  effect,  in  part,  due  to  the  induction  of  apoptosis  and  p53.  The  loss  of 
neurofibromin,  a  tumor  suppressor  corded  by  NF1  (Neurofibromatosis  Type  1) 
gene,  results  in  the  accumulation  of  hyperactive  Ras-GTP  due  to  a  reduced 
conversion  of  active  Ras-GTP  to  inactive  Ras-GDP,  which  turns  on  uncontrolled 
mitogenic  signals  in  the  nucleus.  Therefore,  neurofibromatosis  can  be  regarded 
as  a  disease  resulting  from  the  disruption  of  the  balance  between  cell  proliferation 
and  apoptosis.  To  determine  if  the  abnormality  of  neurofibromatosis  can  be 
interrupted  by  HA  binding  peptide,  a  naturally  existing  HA  binding  peptide, 
tachyplesin  with  RGD  domain  (for  a  better  targeting)  and  its  scramble  peptide 
were  synthesized.  When  ST88-14  Schwann  cells  were  treated  with  this  targeted 
peptide  for  24  hours,  the  cells  underwent  apoptosis  and  began  to  die.  The 
3H-TdR  incorporation  rate  of  targeted  HA  binding  peptide  treated  cells  was 
greatly  reduced  compared  to  that  of  the  control  peptide  treated  cells  This 
inhibitory  effect  was  in  a  dose-dependent  manner.  Similarly,  the  ability  to  form 
colony  in  soft  agar  was  also  remarkably  reduced.  Western  blot  analysis  showed 
that  the  cell  cycle  key  molecules,  such  as  cyclin  B1  and  cdc2,  were  reduced.  In 
addition,  the  targeted  HA  binding  peptide  could  reduce  the  phosphorylation  of 
mitogen-activated  protein  kinase.  The  data  suggest  that  the  targeted  HA  binding 
peptide  could  inhibit  the  growth  of  ST88-14  Schwann  cells  via  suppression  of 
some  key  molecules  in  cell  proliferation  process. 
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#5364  Peptides  derived  endostatin  and  angiostatin  inhibits  tumor  growth. 

Xueming  Xu,  Jinguo  Chen,  Luping  Wang,  Xue-Fang  Pei,  Shanmin  Yang,  Charles 
9.  Underhill,  and  Lurong  Zhang.  Georgetown  University,  Washington,  DC 

Endostatin  and  angiostatin  are  well-known  anti-tumor/angiogenesis  agents. 
We  have  found  that  there  are  several  hyaluronan  (HA)  binding  motifs  existing  in 
these  two  proteins.  In  previous  studies,  we  have  found  that  HA  binding  proteins 
/  peptides  inhibited  the  growth  of  tumor  cells.  In  this  study,  two  peptides  with  HA 
binding  motifs  derived  from  endostatin  and  angiostatin  were  tested  to  confirm 
that  the  HA  binding  motifs  are  the  critical  effector  in  the  bioactivity  of  their  parental 
nolecules.  Two  peptides  that  containing  2-3  HA  binding  motifs  and  NGR  homing 
domain  or  the  control  scramble  peptide  were  chemically  synthesized.  When  the 
peptides  were  added  to  endothelial  cells  (HUVEC  and  ABAE)  or  tumor  cells  (TSU 
prostate  or  MDA435  breast  cancer),  they  inhibited  the  cell  growth  in  a  dose- 
dependent  manner.  When  1 00  /xg  of  peptides  was  tropically  administrated  to  TSU 
tumors  grown  on  chorioallantoic  membrane  of  chicken  embryo,  the  sizes  of 
tumors  in  the  peptide-treated  groups  were  smaller  than  the  control,  while  the 
development  of  chick  embryos  were  not  affected.  The  results  of  Western  blot  and 
flow  cytometry  analysis  indicated  that  the  peptides  could  trigger  the  depolariza¬ 
tion  of  mitochondrial,  induce  the  expression  of  pi  6  and  p21  and  increase  the 
cleaved  caspase  8.  It  seems  that  the  HA  binding  motifs  in  endostatin  and 
angiostatin  are  the  key  factor  for  the  anti-tumor/angiogenesis  effects  of  their 
parental  proteins. 
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#3618  Expression  pattern  of  extracellular  matrix  protein  1  (ECM1)  in  hu¬ 
man  tumors.  Luping  Wang,  Jianjin  Wang,  Jiyao  Yu,  Haoyong  Ning,  Xu-Fang  Pei, 
Xue-Ming  Xu,  Jinguo  Chen,  Shanmin  Yang,  Charles  B.  Underhill,  Lei  tiu,  Jian  Ni, 
and  Lurong  Zhang.  Beijing  General  Hospital '  Beijing,  China,  Changhai  Hospital, 
Shanghai,  China,  Naval  General  Hospital,  Beijing,  China,  Georgetown  University 
Medical  Center,  Washington,  DC,  The  Cell  and  Tumor  Key  Lab  of  China  Education 
Ministry  at  Xiamen  University,  Xiamen,  China,  Chaoyingbiotech  Inc,  Xian,  China, 
and  HGS,  Rockville ,  MD. 

In  a  previous  study,  we  found  that  the  human  extracellular  matrix  protein  1 
(ECM1)  possessed  angiogenic  activity  and  was  expressed  with  a  high  incidence 
in  human  breast  cancers.  To  determine  the  expression  pattern  of  ECM1  in  human 
tumors,  we  stained  191  samples  with  affinity  purified  antibodies  to  ECM1 .  These 
samples  included  normal  and  tumor  tissue  from  the  breast,  prostate,  stomach, 
esophagus,  intestines,  liver,  pancreas,  rectum,  kidney,  brain  and  uterus.  Positive 
staining  was  observed  in  the  following  cases:  invasive  breast  ductal  carcinoma 
(31/37,  83%);  esophagus  squamous  carcinoma  (6/6,  100%);  gastric  cancer  (23/ 
26,  88%);  rectal  cancer  (25/32,  78%);  pancreas  ductal  carcinoma  (2/2,  100%); 
hepatocellular  carcinoma  (i/6,  16.7%);  and  prostate  adenocarcinoma  (3/3, 
100%).  In  contrast,  there  was  no  obvious  staining  in  normal  lobular  breast  tissue, 
intestinal  mucosa  adjacent  to  tumor  tissue,  gastrointestinal  leiomyosarcoma, 
liposarcoma,  renal  clear  cell  carcinoma,  uterine  leiomyoma  and  mediastinum 
neurofibroma.  The  ECM1  positive  rate  can  be  summarized  as  follows:  carcinomas 
76.6%;  sarcomas  16.6%;  benign  lesions  of  epithelial  origin  16%;  benign  lesions 
of  non-epithelial  origin  5%;  and  normal  tissue  adjacent  to  tumors  7%.  Impor¬ 
tantly,  metastatic  tumors  had  a  higher  rate  of  positive  staining  than  those  without 
metastasis  (primary  breast  cancer  with  metastasis  76%;  metastatic  foci  in  lymph 
node  85%;  and  breast  cancer  without  metastasis  33.3%).  These  results  indicate 
that  ECM1  tends  to  be  preferentially  expressed  by  carcinomas  and  suggests  that 
it  may  be  a  useful  marker  for  these  tumors 
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#3502  A  peptide  (DGI201)  antagonist  of  Fas  acts  as  a  strong  stimulus  for 
cell  proliferation.  Ku-Chuan  Hsiao,  Shanmin  Yang,  Xue-Ming  Xu,  Jinguo  Chen, 
Luping  Wang,  Jing  Yang,  Neil  Goldstein, 'Charles  B.  Underhill,’ and  Lurong  Zhang. 
DGI  Biotechologies  Inc.,  Edison ,  NJ,  and  Georgetown  University  Medical  Center, 
Washington,  DC. 

We  have  utilized,  a  random  and  highly  diverse  phage-displayed  peptide  library 
(RAPIDLIB20)  to  generate  a  20-mer  peptide  (called  DGI201)  with  specificity  for 
human  FAS.  The  phage  clone  was  able  to  compete  with  human  Fas  ligand  (FasL) 
for  FAS.  Using  an  in-house  amino  acid  alignment  program,  no  appreciable 
sequence  homology  was  observed  between  the  peptide  sequence  and  the  nat¬ 
ural  ligand  FasL;  To  test  whether  this  peptide  acts  as  an  agonist  or  antagonist  for 
Fas,  the  peptide  and  control  scramble  peptide  were  chemically  synthesized  and 
tested  in  several  different  cell  lines,  including  endothelial  cells  (human  umbilical 
vein  endothelial  cells),  immobilized  Cos  7  and  3T3  cells  as  well  as  several  tumor 
cell  lines  (MDA435,  TSU,  L929,  U937,  Bt6  and  Jurkat).  Compared  to  the  control, 
the  DGI201  showed  an  antagonistic  effect,  inducing  the  treated  cells  to  proliferate 
by  3  to  6  folds  in  a  dose  dependent  fashion.  The  stimulatory  effect  of 
DGI201  could  be  abolished  by  addition  of  FasL,  especially  when  the  ligand  was  in 
a  dimer  form  via  antibody.  In  an  assay  with  Jurkat  cells,  the  apoptosis  effect 
induced  by  FasL  at  a  concentration  of  ED50  could  be  inhibited  by  DGI201 .  These 
results  further  confirmed  that  the  peptide  is^a  Fas  specific  antagonist.  We  are 
currently  Investigating  the  utility  of  this  peptide. 
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#794  A  peptide  derived  from  the  hemopexin-like  domain  of  matrix  metal¬ 
loproteinase  9  exerts  an  anti-tumor  effect.  Luping  Wang,  Xu-Fang  Pei,  Jinguo 
Chen,  Xue-Ming  Xu,  Shanmin  Yang,  Ningfei  Liu,  Charles  B.  Underhill,  and  Lurong 
Zhang.  Beijing  General  Hospital,  Beijing ,  China,  Georgetown  Univ.  Med.  Ctr, 
Washington,  DC,  and  The  Ceii  and  Tumor  key  Lab  of  China  Education  Ministry  in 
Xiamen  University,  Xiamen,  China. 

Previously,  we  have  reported  that  hyaluronan  (HA)  binding  proteins,  such  as 
Metastatin  from  cartilage  inhibits  tumor  growth  and  metastasis.  To  determine  if  a 
peptide  that  possesses  HA  binding  activity  has  similar  anti-tumor  properties,  we 
chemically  synthesized  a  peptide  (PEX-P)  with  two  HA  binding  motifs  derived 
from  the  hemopexin-like  domain  of  human  matrix  metalloproteinase  9  linked  to  a 
NGR  homing  domain  (32  amino  acids,  MW  of  3,621  Dalton).  The  peptide  specif¬ 
ically  bound  to  3H-HA.  It  inhibited  the  proliferation  of  both  endothelial  cells  (ABAE 
and  HUVEC)  and  MDA-435  cells  in  a  dose-dependent  manner.  When  100  mg  of 
the  peptide  was  applied  tropically  to  tumor  cells  growing  on  the  chorioallantoic 
membranes  of  chicken  embryos  daily,  the  xenografts  were  smaller  than  those 
treated  with  vehicle  alone  or  control  peptide.  However,  the  peptide  had  no 
obvious  effect  on  the  development  of  the  chicken  embryos  based  upon  their 
weights.  Western  blot  analysis  of  these  tumor  cells  indicated  that  treatment  with 
PEX-P  caused  a  reduction  in  the  levels  of  cell  cycle  promoters  (such  as  cyclin  A, 
cyclin  B1/cdc2,  cyclin  D1)  and  the  oncogene  c-myc.  In  addition,  the  inactive  form 
of  phosphorylated  Rb  was  decreased,  suggesting  that  more  Rb  remained  in  the 
active  form  to  suppress  tumor  cell  growth.  Furthermore,  treatment  of  tumor  cells 
with  PEX-P  increased  the  active  form  of  PAR P,  suggesting  the  induction  of 
apoptosis.  This  was  further  supported  by  flow  cytometry  showing  that  treatment 
with  PEX-P  increased  the  number  of  Annexin  V  positive,  propidium  iodide  neg¬ 
ative  cells  to  30%  as  compared  to  <5%  in  controls.  In  addition,  staining  with  JC-1 
suggested  that  PEX-P  could  induce  mitochondrial  depolarization,  which  might  be 
one  of  the  initial  steps  in  the  apoptotic  cascade.  The  therapeutic  value  of  PEX-P 
will  be  further  investigated  using  adenovirus  carrying  cDNA  coding  for  PEX-P 


Proceedings  of  the  American  Association  for  Cancer  Research  •  Volume  43  •  March  2002 


#4233  Triptolide,  a  potent  antitumor  agent  Shanmin  Yang,  Jinguo  Chen, 
Xue-Ming  Xu,  Luping  Wang,  Shimin  Zhang,  Xu-Fang  Pei,  Jing  Yang,  Charles  6. 
Underhill,  and  Lurong  Zhang,  the  Cell  and  Tumor  Key  Lab  of  China  Education 
Ministry  at  Xiamen  University,  Xiamen,  China,  Georgetown  University  Medical 
Center,  Washington,  DC,  and  PowerTech  Inc.,  Bethesda,  MD. 

i 

I  Triptolide  (TPL)  is  a  compound  (MW  360)  purified  from  the  herb  Tripterygium 
wilfordii  Hook  F  that  has  been  used  in  China  as  a  natural  medicine  for  hundreds 
/of  years.  In  China,  clinical  trials  have  indicated  that  TPL  could  achieve  complete 
or  partial  remission  in  patients  with  leukemia.  In  the  present  study,  we  examined 
the  effects  of  TPL  on  cell  lines  derived  from  human  cancers  of  the  breast, 
prostate,  stomach  and  liver.  In  addition,  mouse  B1 6  melanoma  cells  were  used  as 
an  experimental  model  of  metastasis.  In  the  case  of  cultured  tumor  cells,  TPL  at 
4  ng/ml  inhibited  cell  growth  to  a  similar  extent  as  taxol  at  100  ng/ml  both  under 
anchorage-dependent  and  -independent  conditions.  When  mice  with  tumor 
xenografts  formed  by  several  different  cell  lines  were  injected  i.v.  with  TPL  at  a 
dose  of  0.25  mg/kg/  twice  a  week,  the  sizes  of  the  tumor  xenografts  were  reduced 
to  1 0-50%  of  the  controls.  This  was  comparable  or  superior  to  that  achieved  with 
the  commonly  used  chemotherapeutic  drugs  adrimycin,  cisplatin  and  mitomycin. 
Importantly,  TPL  could  inhibit  both  spontaneous  and  experimental  metastasis. 
Additional  studies  revealed  that  treatment  of  tumor  cells  with  1 0  ng/ml  of  TPL  for 
24  hours  resulted  in  decreased  levels  of  c-myc,  cyclin  A/cdk2  and  cyclin  B/cdc2 
while  increasing  the  level  of  cleaved  PARP,  an  indicator  of  apoptosis.  Further¬ 
more,  TPL  also  decreased  the  telomerase  activity  as  measured  by  both  the  TRAP 
assay  and  PicoGreen  staining.  These  results  strongly  suggest  that  TPL  can 
potentially  be  developed  as  a  new  anti-tumor/metastasis  agent. 
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#3962  Overexpression  of  tumor  necrosis  factor-stimulated  gene-6  pro¬ 
tein  (TSG-6)  suppresses  tumor  growth  in  vivo.  Jinguo  Chen,  Xue-Ming  Xu, 
Shanmin  Yang,  Luping  Wang,  Charles  B.  Underhill,  and  Lurong  Zhang.  George¬ 
town  University  Medical  Center,  Washington,  DC,  The  Cell  and  Tumor  Key  Lab  of 
China  Education  Ministry  at  Xiamen  University;  Xiamen,  China,  and  Beijing  Gen¬ 
eral  Hospital,  Beijing,  China. 

Tumor  necrosis  factor-stimulated  gene-6  protein  (TSG-6)  is  an  anti-inflamma¬ 
tory  factor  that  is  produced  in  response  to  TNF  and  contains  a  link  module  that 
allows  it  to  bind  hyaluronan.  In  this  study,  we  examined  the  effects  of  over¬ 
expression  of  TSG-6  on  tumor  progression.  The  cDNA  coding  for  human  TSG-6 
gene  (782bp)  was  cloned,  inserted  into  an  expression  vector  (pSecTag2/Hygro  B) 
and  transfected  into  TSU  human  prostate  cancer  cells.  The  positive  clones  were 
identified  by  RT-PCR  and  the  biological  activity  of  the  TSG-6  protein  was  con¬ 
firmed  by  its  ability  to  bind  hyaluronan.  The  TSG-6  positive  clones  were  then 
pooled  and  compared  with  control  cells  (transfected  with  vector)  with  regard  to 
cell  behaviors.  In  culture,  the  TSG-6  transfected  TSU  cells  grew  at  the  same  rate 
as  control  cells  as  measured  by  cell  number  and  by  incorporation  of  radioactive 
thymidine.  However,  when  the  cells  were  inoculated  on  the  chorioallantoic  mem¬ 
brane  of  chicken  embryos,  the  TSG-6  transfected  TSU  cells  grew  at  a  slower  rate 
than  the  control  cells  (mean  xenograft  weight  in  TSG-6  16.3  mg  vs.  control  39.6 
mg).  Similarly,  when  cells  were  injected  s.c.  into  nude  mice,  the  xenografts  formed 
by  the  TSG-6-transfected  cells  were  smaller  than  that  of  the  control  cells  (mean 
xenograft  weight  0.72  g  vs.  2.16  g).  Western  Blot  analysis  of  lysates  from  these 
xenografts  indicated  that  the  TSG-6  transfected  cells  had  increased  levels  of  Fas, 
cleaved  caspase  8  and  cleaved  PARP,  but  no  change  in  the  levels  of  cyclin  D1 , 
B1,  Rb,  ERK.  These  preliminary  results  suggest  that  TSG-6  could  function  as  a 
tumor  suppressor  in  vivo ,  in  part,  through  the  induction  of  apoptosis. 
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#149  Decoy  TR6  protects  tumor  cells  from  apoptosis..  Luping  Wang,  Sung- 
hee  Kim,  Jinguo  Chen,  Xue-Ming  Xu,  Shanmin  Yang,  Charles  B.  Underhill,  and 
Lurong  Zhang.  Beijing  General  Hospital,.  Beijing,  China,  Human  Genome  Sciences, 
Inc.,  Rockville,  MD,  Lombardi  Cancer  Center,  Washington,  DC,  Xiamen  University, 
Xiamen ,  China,  and  Fujian  Medical  University ,  Fuzhou,  China. 

Recently,  TR6,  a  decoy  receptor  of  the  TNFR  super-family,  has  been  shown  to 
bind  to  three  ligands:  FasL,  LIGHT  and  TLl.  Since  TR6  lacks  a  transmembrane 
domain,  it  can  bind  to  these  ligands  and  competitively  block  their  interaction  with 
Fas  and  HVEM  and  as  a  consequence  inhibit  apoptosis.  In  a  series  of  experiments, 
we  examined  the  role  of  TR6  in  tumor  progression,  and  obtained  the  following 
results:  1)  in  transwell  chambers,  the  TR6  expressed  by  SW480  cells  in  the  top  well 
could  inhibit  apoptosis  in  MDA-435  tumor  cells  growing  in  the  bottom  well;  2) 
recombinant  TR6  could  block  apoptosis  induced  by  exogenous  FasL  and  this  effect 
could  be  reversed  by  the  addition  of  neutralizing  antibodies  to  TR6;  and  3)  cell 
death  induced  by  endogenous  FasL  could  be  blocked  by  the  addition  of  TR6.  We 
then  examined  the  expression  ofTR6  in  a  panel  of  human  tissues  by  immunohis- 
tochemical  staining  with  a  monoclonal  antibody  and  found  that  while  normal  tissue 
demonstrated  little  or  no  staining,  a  significant  fraction  of  breast  cancer  tissue  was 
positive.  This  fraction  depended  in  part  on  the  stage  of  the  tumor.  In  the  case  of 
tumors  char  had  not  merastasized  to  the  lymph  nodes,  the  staining  rate  was  44%  (4 
out  of  9)  and  for  tumors  that  had  metastasized  the  rate  was  70%  (14  out  of  20).  For 
lymph  node  metastases  themselves,  the  rate  was  80%  (16  out  of  20).  Furthermore, 
ELJSA  assays  showed  that  the  level  of  TR6  in  the  serum  of  cancer  patients  was  higher 
chan  that  from  normal  individuals  (2.3  +  0.2  ng/mi  vs.  0.46  +  0.07  ng/mJ).  These 
results  suggest  that  TR6  plays  a  critical  role  in  preventing  tumor  cells  from  undergoing 
apoptosis  and  thereby  promotes  their  progression.  Thus,  it  may  be  possible  to  reduce 
tumor  malignancy  by  inhibiting  the  function  of  TR6. 
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#5589  A  hyaluronan  binding  peptide  can  trigger  apoptosis  by  antagonizing 
members  of  the  bcl-2  family.  Xueming  Xu,  Ningfei  Liu,  Jinguo  Chen,  Luping 
Wang,  Shanmin  Yang,  Charles  B.  Underhill,  and  Lurong  Zhang.  Georgetown  Uni¬ 
versity  Medical  Center,  Washington,  DC,  Shanghai  9th  Hospital,  Shanghai,  China, 
Lombardi  Cancer  Center,  Washington,  DC,  Beijing  General  Hospital,  Beijing,  China, 
andXiaynen  University,  Xiamen,  China. 

In  previous  studies,  we  have  demonstrated  that  the  growth  of  tumor  cells  can  be 
suppressed  by  a  peptide  termed  P4  that  can  bind  to  hyaluronan.  This  effect  ap¬ 
peared  to  be  due  to  the  induction  of  apoptosis,  since  treatment  of  cultured  cells  with 
P4  resulted  in  the  fragmentation  of  the  DNA,  characteristic  apoptotic  cells.  Con- 
focal  microscopy  of  cells  treated  with  F1TC  tagged  P4,  revealed  that  it  quickly 
became  associated  with  mitochondria.  This  was  further  supponed  by  the  fact  that 
treatment  of  cells  with  P4  induced  a  spectral  change  in  the  dye  JC-1  indicating  the 
loss  of  membrane  potential  in  the  mitochondria.  Western  blotting  of  cultured 
MDA-435  rumor  cells  following  treatment  with  P4  revealed  increased  levels  of 
activated  caspase  9,  caspase  3  and  PARP,  suggesting  that  P4  upregulated  a  Fas- 
independent  pathway  leading  to  apoptosis.  Using  immunoprecipitation,  we  found 
that  the  P4  peptide  could  bind  to  Bcl-2  and  Bcl-xL  which  are  predominately  located 
in  rhe  membranes  of  mitochondria.  And  finally,  in  an  in  vitro  assay  with  cytoplas¬ 
mic  extracts  of  tumor  cells,  we  found  that  P4  caused  the  release  of  cytochrome  c 
from  the  mitochondria.  Taken  togerher,  these  results  suggest  that  P4  targets  mito¬ 
chondria  by  binding  to  Bcl-2  family  members  and  this  induces  the  release  of 
cytochrome  c  leading  to  apoptosis. 


